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 Chapter 1  

1 Introduction  

The broad spectrum of application and uses of magnetic nanoparticles has been a growing 

interest in the last couple of decades. Among the various magnetic materials, ferrites are of 

special importance. Ferrites are ceramic materials that have a dark grey or blackish 

appearance and are hard but brittle. The word ‘Ferrite’ comes from the Latin word for iron 

‘Ferrum’ and due to their ferrimagnetic properties they are classified under magnetic 

materials. Ferrites are mixed metal ceramic oxides with the general formula MFe2O4 where 

M can be a divalent metal cation like Cobalt (Co2+), Nickel (Ni2+), Manganese (Mn2+), 

Copper (Cu2+), Zinc (Zn2+), Magnesium (Mg2+) or even rare earths like Erbium (Er2+) and 

Dysprosium (Dy2+). The crystal structure of ferrites is same as that of the mineral Olivine 

having the chemical formula MgAl2O4.  

Ferrites find potential applications in field of telecommunication and electronic industries, 

due to their interesting electrical and magnetic properties. Since ferrites are non-conducting, 

their eddy current and Ohmic losses are minimum [1]. Ferrites also show a low magnetic loss 

at higher frequencies making them useful in the microwave devices and magnetic recording. 

The high resistivity and negative temperature coefficient of resistant coupled with the low 

power loss are prime requirements for magnetic core materials. Ferrite also exhibit high 

temperature ferromagnetism and low-loss dielectric properties along with moderate 

magnetization, high coercivity and high chemical and structural stability making them 

promising candidates in the field of magnetic recording, magnetic fluids, etc [2]. The 

properties and characteristics of ferrites make them appropriate electronic materials that have 

the simultaneous requirement of optical, electric and magnetic properties of materials.  

The electrical and magnetic properties of ferrites are sensitive to method of preparation, 

preparation condition and chemical compositions. These properties can be significantly 

modified by substitution of divalent or trivalent cations into the lattice, to make the material 

suitable for particular application. Therefore, investigations of structural, electrical and 

magnetic properties of the ferrites become a field of interest to many researchers.  
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1.1 History of ferrites 

The history of magnetism began with Magnetite (Fe3O4), the first ferrite. The Greeks 

discovered this material with its peculiar property of pointing in the same direction when 

freely suspended but no application was made until 1200 AD. Ferrites were first synthesized 

as early as in 1859 but it was not until 1909 when Hilpert gave a systematic study on the 

relation between composition and magnetic properties of various ferrites [3-5]. In the 

following years he prepared and studied the Curie temperature and saturation magnetization 

of various ferrites. During the same time, Forestier [6], a French scientist was working on 

improving the magnetic properties of ferrites but was unsuccessful in making them of 

commercial importance.   

Nishikawa [7] and Bragg [8] studied the natural spinel MgFe2O4 in 1915. The commercial 

importance of ferrites came into reckoning through the pioneering work of Kato et al. [9] and 

Takei et al. [10]. They realized the practical applications of solid solutions of magnetite and 

cobalt ferrite that had strong magnetization at room temperature. They also found that the 

permeability of the ferrites could be increased tremendously by doping with a non-magnetic 

ferrite leading to the birth of the ferrite core. Iida et al. [11] and Penoyer et al. [12] reported 

the anisotropy in Cobalt ferrite.   

The late 1930’s saw the development of the radio frequency applications of ferrites through 

the work of Snoek [13]. He focused on the synthesis of ferrites that would have a low loss 

and high permeability. Snoek also predicted that ferrite, in particular Mn-Zn and Ni-Zn 

ferrites would be important electronic materials [14]. The theory of super-exchange was 

developed by Van Vleck [15] and Anderson [16]. Yaffet and Kittle proposed their theory of 

triangular spin arrangement [17]. They proposed an approach in which one sub-lattice is 

divided into two halves, each oppositely canted at some uniform canting angle relative to the 

average magnetization. They proposed that substitution of a non-magnetic ion at one of the 

sub-lattices could lead to a non-collinear arrangement on the other. Geller gave a localized 

canting approach in which individual moments on one sub-lattice are canted at different 

angles, depending on the characteristics of the local magnetic environment [18,19].  

Verwey and Heilmann worked on the distribution of ions at the tetrahedral and octahedral 

sites and also suggested the hopping of charge carriers as the mechanism of electrical 
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conduction in ferrites [20]. The development of the Hexagonal ferrite by Went et al. [21] and 

ferroxplanna type hexagonal ferrite by Jonker et al. [22] were important discoveries in the 

field of ferrites.  

It was not until 1948 that the magnetism in ferrite was explained by Neel and co-workers 

when they proposed the two sub-lattice model [23]. This could explain the enhancement of 

magnetic properties on addition of a non-magnetic ZnFe2O4. Forestier and Guiot-Guillain 

studied the fundamental properties of ortho-ferrite [24,25] while Bertaut and Forrat worked 

on garnet ferrites [26].  

Many researchers through their work provided the means for the development and progress 

of the ferrite industry. The researchers at Philips used ferrites in TV tube deflection yokes 

and in high voltage fly back transformers [27]. They synthesized Mn-Zn and Ni-Zn ferrites 

for this application. In 1952, Hogan’s work regarding microwave ferrite devices, Albers–

Schoenberg’s work on the square hysteresis loop of Mn–Mg ferrites and its use as magnetic 

memories in 1954, the research of Bobeck on magnetic bubble technology in 1967, the 

development of magneto optical devices in 1969 by Dillon and Camras’s development of 

acicular fine α-Fe2O3 particles are some of the important works done in ferrites [28]. 

With the development of radios and television, the use of ferrites in the electronic industry 

grew. The movement of domain walls was proposed by Globus and Duplex [29] who 

developed a model which could explain permeability in ferrites. Johnson and Visser [30] 

developed a model to account for the grain size dependence of the rotational permeability 

while Rankis et al. [31] developed a modified model of initial magnetic permeability of 

polycrystalline ferrites. Polder [32] was the first to derive the ferrite permeability tensor 

which helped in understanding of ferrite behaviour at microwave frequencies. 

The years from 1935 to 1960 were the golden age of ferrites in which period the greatest 

advancement in the technological and understanding of ferrites took place [28]. Following 

the period of 1970, the progress in the field of ferrites has not dwindled but on the other hand 

there was development of soft and hard ferrites, ferrite chip inductors and ferrite wave 

absorbers which are some of the modern application of ferrites [33-36]. The dawn of the 

1990s saw the development of new synthesis methods to prepare these ferrites. This decade 

also saw the advancement in ferrite technology in power line noise filters and computer hard 



5 
 

disk [37]. Now day’s ferrites are studied for their application as magnetic catalyst, in 

environmental protection and waste water treatment [38, 39]. The advancement in the use of 

ferrites in medicine as drug delivery agents, cell labelling and in cancer therapy have grown 

leaps and bounds [40, 41]. 

The first international conference on ferrites (ICF) was held in Japan in 1970. This conference 

is held annually after that, to discuss the advancement in ferrite technology.  

 

1.2 Classification of ferrites 

Ferrites are classified according to their crystal structure into   

a) Spinel ferrites 

b) Garnets 

c) Ortho ferrites and 

d) Hexagonal or Hexaferrites.  

Ferrites can also be classified according to their magnetic property which originates due to 

the various metallic ions that occupy the different lattice sites.  

a) Soft ferrites: they possess a low coercivity. These materials can be magnetised and 

demagnetised easily which makes them useful in magnetic storage and transfer. 

b) Hard ferrites: they possess a high coercivity and remanance. These materials can store 

magnetic fields and are used as permanent magnets.  

 

1.2.1 Spinel ferrite structure 

The smallest repeating unit i.e. the unit cell of spinel ferrites has cubic symmetry and consist 

of eight molecular units of MFe2O4 (Fig. 1.1). The negative oxygen anions form the face 

centered cubic lattice (FCC). In this close packed structure two kinds of interstitial sites are 

present, the tetrahedral site and the octahedral sites. There are 64 tetrahedral sites and 32 

octahedral sites in the cubic unit cell. Out of these, only 
1

8
 of the tetrahedral sites and 

1

2
 the 

octahedral sites are occupied by the cations. This means that there are 8 cations in the 
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tetrahedral sites and 16 cations in the octahedral site. The eight formula units consist of 32 

anions and 24 cations, giving a total of 56 atoms in a unit cell [42].  

The metal at the tetrahedral site lies at the center of a tetrahedron and is surrounded by four 

oxygen anions. The metal atom at an octahedral site is surrounded by six oxygen anions that 

lie at the corners of an octahedron. Spinel ferrites belong to the space group Oh7 (Fd3m) with 

space group number 227. The presence of cations at the interstitial sites will cause a 

deformation of the close packed structure. If the ions on any site have a higher valency than 

the ions on the other site, then the oxide ion gets polarized in the direction of excess charge. 

This causes the oxygen ions to move along the body diagonally. This displacement is called 

the oxygen parameter (u) and is ideally 3/8.  

If the divalent metal ions are at the A site (tetrahedral) and the Fe3+ ions are on the B site 

(octahedral), then the spinel is referred to as a normal spinel and the formula can be 

represented as (M2+)tet[Fe3+,Fe3+]octO4. When the Fe3+ ions are equally distributed in both the 

sites and the divalent metal ions occupies the B site then this configuration is called inverse 

spinel, (Fe3+)tet[M
2+,Fe3+]octO4. Intermediate arrangements between these two extremes can 

also exist and are called random spinels. The general formal can be represented as 

(M1−x
2+ ,Fex

3+)tet[Mx
2+,Fe2−x

3+ ]octO4 [43]. 

 

Fig. 1.1 Structure of spinel ferrite.  
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1.2.2 Magnetic properties of ferrites 

In general, magnetic materials can be classified into following categories [44].  

a) Diamagnetic: These substances develop a negative magnetization when placed in a 

magnetic field which will disappear on removal of the field. These substances have a 

permeability value less than one and a small negative value of susceptibility that is 

essentially independent of temperature. The magnetic lines of force do not pass 

through these materials and are repelled by the external field. 

b) Paramagnetic: These substances develop a positive magnetization when placed in a 

magnetic field. The magnetic lines of force pass through these materials and they are 

attracted by the magnetic field. The permeability will be greater than one and the 

susceptibility has a positive value that decreased with increase in temperature in 

accordance with Curie law. Paramagnetism occurs due to unpaired electron spins that 

align in the direction of the external filed, removal of this field will lead to the spins 

returning to their original random distribution.  

c) Ferromagnetic: In these substances the unpaired electrons are aligned in the same 

direction resulting in an overall magnetic moment. The permeability values will be 

much greater than one and the susceptibility has a large positive value. The increase 

in temperature results in disorder in an otherwise ordered parallel alignment of the 

spins. This results in a rapid decrease in susceptibility with increase in temperature. 

This happens up to a temperature called the Curie temperature where the 

ferromagnetism is destroyed and the material becomes paramagnetic. 

d) Antiferromagnetic: These substances can be considered to be composed of two 

interpenetrating sub-lattices A and B such that the magnetic spins on A are aligned 

anti-parallel to the spins on lattice B resulting in an overall magnetic moment of zero. 

These materials will also have a permeability value greater than one but the 

susceptibility will be low. The increase in temperature destroys this anti-parallel 

alignment resulting in an increase in susceptibility. This continues up to a temperature 

called the Néel temperature where the antiferromagnetic substance changed to a 

paramagnetic substance. 
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e) Ferrimagnetic: These substances, like antiferromagnetic have two sub-lattices 

pointing in opposite direction but they are not equal in magnitude. The magnetic 

moment on A is not completely balanced by that of B giving rise to a small net 

magnetic moment.  

The metal cations in ferrites occupy two different crystallographic sites (Fig. 1.1), the 

tetrahedral (A) and the octahedral (B) sites. The magnetic spins of the cations in these 

two sites can interact in three different ways. The magnetic ions on the A-site can interact 

with another ion on the A site resulting in A-A interaction similarly an ion on the B-site 

can interact with another ion on the B-site resulting in a B-B interaction and lastly, an ion 

on the A-site can interact with an ion on the B-site resulting in an A-B interaction. These 

interactions occur through the intermediate oxide anions (O2-) by a super-exchange 

mechanism. The negative interaction energy between the ions on the A and B sites results 

in an anti-parallel orientation of the spins and since the magnetic moment on each of the 

sub-lattices are not equal, a small net magnetization will result [45].  

The magnitude of the interaction will depend on the distance of the two ions (M1, M2) 

from the oxide ion and the angle (ϕ) between the two ions (Fig. 1.2). The interaction 

energy is greatest when the distance between the two ions is minimum. Thus, when the 

A-B distance is the smallest this interaction will have maximum magnitude. The 

exchange energy decreases in the order EAB> EBB> EAA [46]. The interaction had the 

highest magnitude when the two ions are 180o apart and this value will decrease as the 

angle is reduced.  

 

Fig. 1.2 Super-exchange interaction between tetrahedral and octahedral cations. 
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Néel proposed that the saturation magnetization will be the difference between the 

magnetization on the B and A sites. Since, magnetization on the B-sites is larger it can be 

written as Ms = MB-MA. Hence the magnetic properties will depend on the distribution of 

ions at the two sites. Yaffet and Kittle proposed that the magnetization in the B site could be 

split in to two B1 and B2 that are oriented at an angle to each other called the canting angle 

or the Y-K angle. This results in decrease in the magnetization of the material [47]. The 

considerable effect, nano sized particles have on the magnetic and electrical properties of 

ferrites have made researchers to explore the effect of particle size on their properties. The 

reduction of particle size gives rise to interesting magnetic properties.  

The effective anisotropy of a system is one of the most important characteristic of magnetic 

particles that affect their magnetic properties. One can define anisotropy as the property of 

being directionally dependent, which implies there can be different properties in different 

directions. Anisotropy can be classified into (1) crystalline anisotropy, (2) shape anisotropy, 

(3) stress anisotropy, (4) externally induced anisotropy and (5) exchange anisotropy [48]. 

Most materials contain one of these types of anisotropy that affect its magnetic behavior. In 

nano materials, the shape and crystalline anisotropy are the most important. The spin-orbit 

coupling is responsible for magneto-crystalline anisotropy which favors the alignment of 

spins along a particular crystallographic direction called the easy direction of magnetization. 

Anisotropy constant is also related to the coercivity. The materials with high anisotropy lead 

to high coercivity in the material. 

Domains are groups of spins that are all pointing in the same direction and acting 

cooperatively. These domains are separated from each other by domain walls which require 

energy for their formation. The motion of domain walls is the primary mean of reversal of 

magnetization. The formation of domain walls in large particles is energetically favored and 

the nucleation and motion of these domain walls is responsible for reversal of magnetization. 

As the particle size is reduced below a critical limit, the formation of domain walls is 

energetically unfavorable and the particles are single domain. The magnetization now 

requires a rotation of the spins resulting in large coercivity. With further reduction in particle 

size the particles become super-paramagnetic. 
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1.3 Literature review 

Going through literature reports, there are many reports on the different methods used to 

synthesize ferrites and the effect of different dopants on the properties of ferrites. With this 

in mind, literature review was done and is presented below. First, the literature review on the 

two methods adopted under present study i.e. combustion and precursor combustion method 

is presented followed by review on the Nickel and Cobalt doped ferrites, namely, Ni-Co, Ni-

Mg, Ni-Cd, Co-Cd and Ni-Co-Cd ferrites. A brief account of magnetic properties of ferrites 

and gas sensing application of ferrites is also given below.  

 

1.3.1 Methods of preparation 

The prominent research works found in the literature on the two methods of preparation, 

which are used in the present study namely, combustion and precursor combustion method, 

have been presented below.  

 

1.3.1.1 Combustion synthesis 

The combustion synthesis route is an important, effective and economical method for the 

synthesis of metal oxides and a variety of industrially important compounds. The reaction is 

based on the principle that, the reaction once ignited results in an exothermic reaction that is 

self-sustaining and yields the final product in a short period of time [49]. Based on the 

physical state of the initial medium combustion synthesis can be classified into three 

categories as given below [50]. 

- Conventional self-propagating high temperature synthesis (SHS) of nanoscale 

materials, i.e. initial reactants are in solid state (condensed phase combustion). 

- Solution-combustion synthesis (SCS) of nanosized powders, i.e. initial reaction 

medium is aqueous solution. 

- Synthesis of nanoparticles in flame, i.e. gas-phase combustion. 

The solution combustion synthesis is a low temperature redox reaction between a fuel and an 

oxidizer in the presence of metal cations. Generally, the metal precursors are chosen so that 
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they can act as oxidizers for e.g. metal nitrates. The fuels are generally organic compounds 

like urea, glycine, hexamine, citric acid etc. that are capable of forming complexes with the 

metal cations. The SCS involves the following step 

- Formation of the combustion mixture where the fuel and metal precursors are mixed. 

- Formation of gel 

- Combustion of the gel 

The mode in which SCS reactions propagate classify them into self-propagating high 

temperature reaction (SHS) and volume combustion synthesis (VCS). The SHS requires an 

external ignition source to propagate whereas in VCS the mixture is kept on a hot plate, which 

uniformly heats the mixture initiating a self-ignition reaction throughout the reactant without 

any additional heating source in open atmosphere [51]. 

The heat of combustion helps to form the desired phase and improve crystallinity but can 

also result in increasing crystallite size, formation of hard agglomerates and premature 

sintering. The gases evolved help in dissipating this heat thereby lowering the reaction 

temperature. The properties of the system like the adiabatic flame temperature, volume of 

gases produced etc., depend on the fuel used as well as the oxidizer to fuel ratio, water content 

of the precursor and temperature. This in turn affects the microstructure and properties of the 

resulting powder. The fuel-oxidizer mixture is expressed in terms equivalence ratio.  The 

equivalence ratio of an oxidizer and fuel mixture in turn is expressed in terms of the elemental 

stoichiometric coefficient. 

ϕe=
Σ(Coefficient of oxidation elements in the specific formula)∗Valency

(−1)Σ(Coefficient of reducing elements in the specific formula)∗Valency
 

When ɸe =1, a mixture is said to be stoichiometric and the reaction does not require any 

external oxygen for complete combustion whereas when ɸe >1 the mixture is fuel lean and 

when ɸe < 1 the mixture is fuel rich. The stoichiometric mixtures produce maximum energy. 

The fuel ratio influences the amount of gases produced which in turn affects the morphology 

resulting in more pores due to the escaping gases [51-53]. 

According to propellant chemistry, the oxidizing and reducing valences of different elements 

are as follows, carbon, hydrogen, M2+, M3+ are considered as reducing with valencies of 4, 1, 

2 and 3, respectively. Oxygen is considered as oxidising with a negative valency of -2, the 



12 
 

valency of nitrogen is taken as zero. Thus the oxidizing valence of a divalent metal nitrate 

M(NO3)2 becomes ─10 and trivalent metal nitrate M(NO3)3 becomes -15, this must be 

balanced by total reducing valences of the fuel. The reducing valencies of some common 

fuels such as urea (CH4N2O), carbohydrazide (CH6N4O), oxalyl dihydrazide (C2H6N4O2), 

maleic hydrazide (C4H4N2O2), and hexamine (C6H12N4) are + 6, + 8, + 10, + 16, and + 36 

respectively [54,55]. 

Swamy at al. [56] reported the synthesis of zinc ferrite by combustion method using 

polyethylene glycol as fuel. The metal oxalate precursors were ground with PEG and on 

ignition gave nano zinc ferrite with a crystallite size of about 45 nm. TG/DSC results showed 

that the precursor decomposed in three steps to give the ferrite. X-ray diffraction and Infrared 

analysis confirmed the formation of spinel ferrite phase. The particles obtained were in good 

crystalline condition. Selvan et al. [57] used urea as a fuel to synthesize CuFe2O4 sintered at 

three different temperatures. The X-ray diffractogram showed the presence of impurity 

phases which disappear as the sintering temperature increased. Kumar et al. [58] synthesized 

Mn0.4Cu0.6Fe2O4 using urea as fuel. Different fuel ratios of 50%, 75% and 100% of urea were 

used to synthesize the ferrite. They reported that all the fuel ratios gave pure spinel phase 

with an increase in crystallite size as the fuel ratio was increased. This was related to the 

increase in reaction time with increase in fuel ratio. It was also reports that the saturation 

magnetization decreased with increase in fuel ratio while coercivity increased. The dielectric 

constant showed a decrease with increase in fuel ratio. Bahadur et al. [59] synthesized barium 

ferrite using different amount of citric acid as fuel. Three different metal cation to fuel ratios 

of 1:1, 1:2 and 1:3 were used. The phase purity was obtained for the lower fuel ratios while 

the ratio of 1:3 gave traces of impurity. The ferrite prepared with the fuel ratio of 1:2 gave 

the best magnetic properties with the highest saturation, remanance and coercivity. 

Cobalt doped magnesium ferrite using glycine as a fuel was synthesized by Salunkhe et al 

[60]. The TG-DTA analysis showed a three step decomposition pattern, the first loss was due 

to the adsorbed moisture, the second was due to the decomposition of the gel and the third 

was due to the loss of the residual carbon in the gel. This synthesis method gave pure spinel 

phase ferrite in which with increase in the Mn content the lattice parameter showed a linear 

increase. The TEM mages revealed a spherical nature of the particles. They also reported the 

magnetic properties of the ferrite series in which the saturation increased with Mn content up 
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to 0.3 and then it decreased with further increase in Mn content. Kooti et al. employed glycine 

as a fuel to synthesize nickel ferrite [61]. Three fuel to oxidizer ratios were chosen to 

synthesize the ferrite. The higher fuel ratios gave a small trace of impurity with the particle 

size increasing with increase in the amount of glycine. The particles have a spongy 

morphology with small crystalline particles that agglomerate with increase in fuel used, due 

to the higher temperature achieved with larger quantities of fuel. They also reported a 

decrease in saturation magnetization and coercivity as the fuel ratio increased which was 

attributed to cation distribution, spin glass formation and anisotropic energy. 

The uses of hexamine as fuel to synthesize pure spinel phase Ni0.6−xCuxZn0.4Fe2O4 ferrite was 

reported by Gawas et al. [62]. The X-ray diffractogram confirmed the monophasic nature of 

the ferrites. The reported crystallite size was in the region of 25-36 nm. The SEM images 

showed poly-dispersed particles. The particles obtained were superparamagnetic with no 

coercivity. The saturation magnetization decreased with increase in Cu content. The decrease 

in Curie temperature was related to the decrease in the magnetic interactions due to the lower 

magnetic moment of Cu2+ as compared to Ni2+ ions. The effect of fuel to oxidizer ratio on the 

properties of MgFe2O4 was reported by Khot et al. [63]. The glycine fuel was used in different 

amounts to make fuel deficient, stoichiometric and fuel excess ratios. The adiabatic 

temperature reported, increased tremendously with increase in the glycine content. The 

higher fuel ratios also produced a larger amount of gases. This explained the decrease in 

crystallite size with increase in amount of fuel as the gases produced carry the heat out of the 

system. The ferrites obtained were porous with increase in porosity and crystallinity as the 

fuel content was increased. Hwang at al. [64] reported the synthesis of Ni-Zn ferrite using 

different organic fuels such as carbohydrazide, glycine, alanine, urea and citric acid. The use 

of citric acid and urea as fuel gave mixed phase while the other fuel gave a pure spinel phase. 

The maximum combustion temperature for urea and citric acid was low and hence not 

sufficient to give mono phasic product. The highest combustion temperature was recorded 

when carbohydrazide was used as fuel and so gave the largest size particles while the ferrite 

synthesized with urea gave the smallest crystallite size. The highest saturation magnetization 

was obtained for the ferrite synthesized with glycine as fuel. Hwang at al. [65] also reported 

the synthesis of Ni0.5Zn0.5Fe2O4 using glycine as a cheap fuel. Three fuel ratios which were 

stoichiometric, fuel deficient and fuel excess were employed. They reported oxygen balance 
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(OB) for the combustion reaction. A negative OB was obtained for the fuel excess ratio, a 

positive OB for the fuel deficient ratios while the stoichiometric ratio gave a OB of zero. The 

stoichiometric fuel ratio showed the highest combustion temperature which was achieved in 

short time indicating a self-propagating reaction while the fuel excess ratio gave a maximum 

temperature of 700oC which was achieved in a longer period of time indicating the reaction 

was of the smoldering combustion type. 

Hajarpour et al. [66] explored the effect of different fuel ratios on the physical and magnetic 

properties of Mn0.6Zn0.4Fe2O4 using glycine as fuel. The ferrite was prepared by taking metal 

nitrate to glycine ratios such that the ratio was fuel deficient, stoichiometric and fuel excess. 

The different fuel ratios affected the properties of the ferrites. The adiabatic flame 

temperature achieves as well as the amount of gas evolved increased with increase in fuel 

ratio. The stoichiometric fuel ratio gave the highest lattice parameter which decreased as the 

fuel ratio was increased or decreased. The magnetic properties were also affected, the 

coercivity increased with increase in fuel ratio and remained almost constant for the higher 

fuel ratios. Hajarpour et al. [67] used the glycine-nitrate combustion method to synthesize 

Mn-Zn ferrite. They reported an increase in combustion temperature with increase in Zn 

content due to the higher exothermicity of zinc. The X-ray diffractogram confirmed that the 

combustion process yielded mono phasic spinel ferrite. The lattice parameter increased with 

increase in Zn content in accordance with Vegard’s law and crystallite size was in the range 

of 34-49 nm. The SEM images indicated larger particle size with voids and pores present in 

the structure. 

Szczygieł et al. [68] synthesized Mn-Zn ferrite with the composition Mn0.6Zn0.4Fe2O4 by 

combustion method using citric acid, glycine and a mixture of citric acid and EDTA as fuel. 

In all the three cases pure spinel ferrite was obtained. The use of Citric acid EDTA mixture 

as fuel gave the smallest size particles with sponge like large pores in the microstructure. 

Babu et al. [69] used a mixture of amino acids as fuel, specifically glycine and alanine to 

synthesize cobalt ferrite. The two fuels were used in different proportions keeping the fuel to 

oxidizer ratio, fuel deficient. Pure spinel phase was obtained for all the ratios with crystallite 

size varying from 39-43 nm. The fuel ratio also affected the morphology and magnetic 

properties. The saturation varied from 4 to 49 emu/g while the coercivity varied from 471 to 

1527 Oe due to change in the cation distribution with change in the glycine: alanine ratio. 
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Sijo [70] studied the effect of glycine to nitrate fuel ratio on the properties of NiCrFe2O4 and 

CoCrFe2O4. Fuel lean, stoichiometric and fuel excess ratios of glycine to metal nitrates were 

used. The fuel lean mixtures resulted in incomplete combustion reaction and gave impurity 

phases while the stoichiometric and fuel excess ratios gave pure spinel phase for both the 

ferrites. The stoichiometric fuel ratio gave the ferrite with the smallest crystallite size. The 

magnetic properties were also affected by the change in fuel ratio with the stoichiometric fuel 

ratio giving the lowest saturation magnetization. The anisotropy and blocking temperature of 

the ferrites were also found to influence by the fuel ratio. Manganese substituted zinc ferrite 

was synthesized by solution combustion method using a mixture of two fuels, urea and 

glucose [71]. The synthesized ferrite was obtained in pure spinel phase with particle size in 

the region of 25-35 nm. The TEM images showed the particles have a cubic shape while the 

SAED pattern showed the ferrites synthesized had a good crystallinity.  

The use of honey as a fuel was reported by Yadav et al. [72] to synthesize zinc ferrite. The 

single sugars, glucose and fructose present in the honey decompose on heating to form the 

ferrite. The resulting powder had a spherical morphology with crystallite size in the range of 

10-20 nm. Kombaiah et al. [73] used Aloe Vera extract namely H. Sinensis as fuel to 

synthesize copper ferrite by conventional and microwave combustion routes. Both the 

methods gave pure spinel phase, but the microwave method gave particles with larger 

crystallite size however the lattice parameter obtained was smaller. The SEM images 

revealed spherical particles with more agglomeration in the case of conventional combustion 

method. Nickel ferrite nanoplatelets were synthesized by microwave assisted combustion 

method using trisodium citrate as fuel [74]. The formation of spinel phase was confirmed by 

X-ray diffraction along with Infrared and Raman analysis. The TEM images confirmed the 

nanoplatelet morphology with crystallite size in the range of 40-50 nm. The SEAD images 

showed concentric rings with bright spots indicating the polycrystalline nature of the ferrite. 

Ehi-Eromosele et al. [75] studied the effect of glycine to nitrate fuel ratio on the structure and 

properties of Co0.8Mg0.2Fe2O4. The heat of reaction, adiabatic flame temperature and amount 

of gases released were reported to increase, as the fuel ratio increased. The reaction was 

endothermic when the glycine to nitrate ratio was deficient while the stoichiometric and fuel 

excess ratios resulted in exothermic reactions. This resulted in an increase in crystallite size 

as well as an increase in density of the ferrites as the fuel ratio increased. The magnetic 
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properties of the ferrite system (Saturation, coercivity and remanence) all increased with fuel 

ratio due to increase in crystallinity and increase in size.  

 

1.3.1.2 Precursor combustion method 

The thermal decomposition of Metal-Organic precursors results in particles that have a 

narrow size distribution and good crystallinity which are the fundamental requirements to 

control magnetic properties of any material. Neutral hydrazine complexes, being more 

reactive than hydrazinium or protonated hydrazine complexes, are used as single source 

precursors to prepare nanosized metal and mixed metal oxides. Coupling these hydrazinated 

molecule with carboxylate complexes can significantly reduce the decomposition 

temperature of the precursors due to burning of hydrazine at relatively lower temperatures 

which generates sufficient heat for combustion of metal carboxylates.  

Gonsalves et al. [76] synthesized a hydrazinated cobalt zinc fumarate precursor starting from 

metal chlorides, sodium succinate and hydrazine hydrate. The precursor obtained had the 

composition Co0.5Zn0.5Fe2(C4H2O4)3·6N2H4 which on ignition gave the mixed metal oxide 

Co0.5Zn0.5Fe2O4. They reported that the decomposition takes place in five steps, a two-step 

decomposition of the hydrazine molecules followed by a three step decarboxylation. The 

phase of the decomposed product was confirmed to be cubic spinel from XRD analysis. 

These authors also reported the synthesis of nanosized nickel cobalt ferrite by the 

decomposition of the cobalt nickel ferrous fumarato hydrazinate precursor [77]. However, 

this precursor decomposed in four steps. First step was the loss of four of the hydrazine 

molecule followed by loss of the remaining two hydrazine molecules in the second step. The 

decarboxylation took place in two steps to give the cubic spinel phase ferrite. Gonsalves et 

al. [78-80] also reported synthesis of mixed metal fumarato hydrazinated precursors that on 

ignition gave nanosized mixed metal oxides. The mode of binding of the hydrazine molecule 

and the succinate group to the metal cations was determined from the Infrared analysis. The 

mode of binding of the hydrazine molecule was reported to be bridging bidentate and the 

fumarate dianion was reported to have a monodentate linkage in the precursor. The thermally 

decomposed product was obtained in pure spinel phase. Gawas et al. [81] reported the 

synthesis of Mn-Ni-Zn ferrite by the thermal decomposition of hydrazinated Mn-Ni-Zn 
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fumarate precursor having the composition Ni0.5-xMnxZn0.5Fe2(C4H2O4)3·6N2H4 (x = 0.0-

0.5). They confirmed the mode of binding of the hydrazine molecule as bridging bidentate 

and the monodentate linkage of the fumarate dianion in the precursor. The thermally 

decomposed product was the single phased spinel mixed metal oxide. These authors also 

reported several hydrazinated mixed metal ferrous fumarate precursors that acted as single 

source precursors to doped Ni-Zn ferrites [82-87]. They reported the Infrared spectra of the 

precursor from which the binding of the fumarate anion and the hydrazine molecule was 

determined. Gawas et al. [88] reported the synthesis of two precursors with the composition 

CoxNi0.6-xZn0.4Fe2(C4H2O4)3.6N2H4 (x=0.1 and 0.4). These precursors on igniting in air 

underwent thermal decomposition to yield nanosized CoxNi0.6-xZn0.4Fe2O4 (x=0.1 and 0.4). 

The formula of the precursor was confirmed from elemental analysis. The decomposed 

product has a pure spinel phase with an average crystallite size of 25-30 nm. The rings 

obtained in the ED pattern confirmed the crystalline nature of the ferrite. Gauns Dessai et al. 

[89] reported a nickel zinc ferrous fumarato hydrazinate precursor that on igniting underwent 

a thermal decomposition to give nickel zinc ferrite. To confirm the stoichiometry of the 

precursor, elemental analysis was carried out. The decomposition of the precursor was 

monitored by TG-DTA analysis and isothermal mass loss studies. The decomposed ferrite 

was porous in nature with a high degree of agglomeration having size of the agglomerates in 

the range of 100 nm to 2000 nm. A novel oxalate-hydrazinate precursor with the formula 

MnZnFe2(C2O4)3.4N2H4 was reported by Kanade et al. [90]. The precursor decomposed in 

two steps, first an endothermic loss of the hydrazine groups followed by a pyrophoric 

decomposition of the oxalate groups to give the Mn-Zn ferrite. The precursor was calcined 

at different temperatures in the range of 300oC to 600oC and from the diffractogram it was 

found that calcination at 500oC is sufficient to give pure spinel phase. A Rubidium 

ferricarboxylate precursors was synthesized by Gupta et al. [91] using four carboxylic acids 

namely, formic, acetic, propionic and butyric acid. These precursors on decomposition gave 

rubidium ferrite nano particles. The ferrite obtained had a crystallite size of about 30nm. 

Sharifi et al. [92] synthesized Fe0.6Zn0.4Fe2O4 nanoparticles from the thermal decomposition 

of the metal acetylacetonate precursor. Using different amounts of benzyl ether solvent, they 

prepared different sized ferrite particles of 14, 26 and 39 nm by decreasing the amount of 

solvent. They reported an increase in saturation magnetization, coercivity and blocking 
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temperature with increase in particle size. Naseri et al. [93] synthesized a precursor by 

reacting metal nitrates with polyvinyl pyrrolidone. The precursor was calcined at 723K, 

773K, 823K and 873K to form pure spinel phase of manganese ferrite. The crystallite size 

was reported to increase with increase in calcination temperature. The TEM images revealed 

a uniform distribution of particle size and morphology. Angermann et al. [94] reported the 

synthesis of Mn0.229Zn0.078Fe0.694(CO3) precursor which had a calcite structure. The TG 

analysis showed that the precursor decomposes at 300oC to form ferrite. However, 

calcination at 350oC gave an amorphous phase. The precursor was therefore calcined at 500 

oC for 2hrs which gave a pure spinel phase. The saturation magnetization was found to be 66 

emu/g and the coercivity was almost zero. 

 

1.3.2 Mixed metal ferrites  

The literature reviews of the ferrites under study have been presented below.  

1.3.2.1 Nickel cobalt ferrite 

Nickel cobalt ferrite or Nickel doped cobalt ferrite is well known electronic material for high 

frequency applications. It also finds application in filters, transformer cores, recording media 

and high frequency antenna rods. The magnetic and dielectric properties can be tuned by 

doping as well as by modifying synthesis method along with calcination/sintering 

temperature. A brief literature review of Ni-Co ferrite is given below. 

Parker et al. [95] synthesized low substituted Cobalt doped Nickel ferrite having composition 

NiCoxFe2-xO4 (x= 0.0-0.05) using ceramic method and studied the electrical conductivity of 

the ferrite. Mathe et al. [96] synthesized Co-Ni ferrite with the composition Ni0.4Co0.6Fe2O4 

by co-precipitation method. They studied the electrical and dielectric properties of the ferrite. 

The temperature variation of electrical resistivity showed four breaks in the curve indicating 

five temperature regions in the range of 300-900K. The temperature variation of dielectric 

constant gave almost a temperature independent behavior up to 700K. Above 700K, the 

dielectric constant increases and two peaks were observed in this region. The increase in 

dielectric constant was attributed to the increase in the number of charge carriers. The first 

peak was attributed to the saturation of the charge carriers while the second peak was due to 
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the ferroelectric to paraelectric transition. Sontu et al. [97] employed the auto combustion 

synthesis route using citric acid as fuel to synthesize nano size Co1-xNixFe2O4 (x=0, 0.25, 0.5, 

0.75). The MT curves showed a typical super-paramagnetic behavior with a high blocking 

temperature which was attributed to the high applied field (1kOe), larger size particles and 

reduced lattice parameter. The magnetic characteristics like saturation magnetization, 

coercivity, retentively and squareness ratio measured at 300K all showed a decrease with 

increase in Ni concentration though this decrease was not monotonous. These values were 

also measured at 5K and were found to be much higher than the values at 300K. Hashim et 

al. [98] synthesized Ni2+ substituted Co ferrite having the composition Co0.5Fe2-xNi0.5+xO4 

(x= 0.0-0.4) using sol-gel auto-combustion method. The resistivity of the ferrites followed 

the Arrhenius relation and showed a single break in the curve indicating two temperature 

region. The micrographs indicate a change in morphology with Ni substitution, the porosity 

increased while agglomeration between the grains decreased. They reported a decrease in 

Curie temperature with increase in Ni concentration. The decrease in saturation 

magnetization with increase in Ni content was explained in accordance with Neél two sub-

lattice model.  

Maaz et al. [99] studied the magnetic properties of Co1-xNixFe2O4 (x = 0.0, 0.5, 1.0) and 

found that the saturation and coercivity decreases as the Ni concentration increases whereas 

there was a linear increase in blocking temperature. Chakradhary et al. [100] synthesized 

CoxNi1-xFe2O4 (x=0.0-0.4) using a novel heat treatment method. They observed an increase 

in lattice parameter, unit cell volume and crystallite size as the cobalt concentration was 

increased. The MH curves of these ferrites revealed an increase in saturation magnetization 

and coercivity as the cobalt concentration increased. The values obtained at room temperature 

were lower than the values obtained at 2.5K. Mesbahinia et al. [101] employed co-

precipitation method to synthesize Co1-xNixFe2O4 (x= 0.0, 1.0, 0.2). The replacement of 

cobalt by nickel decreased the saturation magnetization and coercivity of the ferrites. They 

also mapped the magneto-static interaction and coercivity distribution as a function of nickel 

concentration. Nickel substituted cobalt ferrite NixCo1-xFe2O4 (x=0.1, 0.3, 0.5, 0.7 and 0.9) 

nanoparticles were synthesized using the sol–gel method by Mozaffari et al. [102]. They 

obtained a decrease in lattice parameter with increase in nickel concentration due to the 

smaller ionic size of Ni2+ ions. The room temperature magnetization curves showed a 
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decrease in saturation magnetization due to the lower magnetic moment of Ni2+ (2μB) as 

compared to higher magnetic moment of Co2+ (3μB). There was a decrease in coercivity with 

nickel concentration while the Curie temperature increased. The increase in Curie 

temperature was attributed to the decrease in lattice parameter which increased the super-

exchange interactions. Freitas et al. [103] employed microwave combustion method to 

synthesize the ferrite series NixCo1-xFe2O4 (x = 0.0, 0.25, 0.50, 0.75 and 1.0). They used metal 

nitrates as oxidizers and urea as fuel. The addition of nickel had an effect on the 

morphological characteristics and magnetic properties. The particle size and the crystallite 

size increased with nickel substitution while the coercivity, saturation magnetization and 

retentivity decreased. Singhal et al. [104] reported the synthesis of NixCo1-xFe2O4 (x = 0.0, 

0.2, 0.4, 0.6, 0.8 and 1.0) using aerosol method. The samples annealed at 600oC were found 

to be amorphous in nature while crystallinity was obtained by sintering at 1200oC. The TEM 

micrographs revealed spherical particles of different sizes with the smaller particles mixed 

into the larger ones. The X-ray difractogram confirmed the formation of pure spinel phase. 

The lattice parameter was found to decrease while the X-ray density increased. They also 

observed a decrease in coercivity and saturation magnetization as the nickel concentration 

increased, which was explained on the basis of more orbital contribution from the Co2+ ion 

as compared to that of the Ni2+ ion. The Mössbauer spectra of the ‘as prepared’ ferrites 

showed two paramagnetic doublets due to contribution from the surface and core iron atoms. 

The Mössbauer of the sintered ferrites was fitted with two sextets from the Fe3+ ions residing 

in the tetrahedral and in the octahedral sites. The cation distribution was also obtained for the 

sintered samples. The nickel cobalt ferrite nanoparticles with the composition Ni1-xCoxFe2O4 

(x = 0.6, 0.8 and 0.9) were synthesized by Shobana et al. [105] by employing the sol-gel 

combustion route. The three ferrites were calcined at three different temperatures of 500, 700 

and 900oC. The particle size was found to increase with   increase in the heat treatment but 

decreased with increase in cobalt content. The magnetic properties were also found to be 

dependent on the cobalt content as well as the calcination temperature. 

Ati et al. [106] studied the influence of the substitution of cobalt in nickel ferrite on its 

structural and magnetic properties. They synthesized the cobalt substituted nickel ferrite with 

the composition Ni1-xCoxFe2O4 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) by co-precipitation method. 

The crystallite size was found to be in the range of 15-19 nm. They observed a monotonous 
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increment in lattice parameter in accordance with Vegard’s law as the cobalt content was 

increased. The room temperature hysteresis loops show an S-shaped behavior at low fields 

and a linear variation at higher fields due to the presence of superparamagnetic particles.  The 

increase in saturation magnetization and remanant magnetization with increase in cobalt 

content was explained on the basis of Neel’s two lattice model. The increase in coercivity 

was attributed to the higher magnetocrystalline anisotropy of cobalt as compared to nickel. 

Tiwary et al. [107] synthesized Ni0.5Co0.5Fe2O4 by citrate route. They reported a lattice 

parameter of 8.3584 Å and a crystallite size of 27.6 nm. The conductivity value of 2.65 × 

10−5 Sm−1 indicated the semiconductor nature of the ferrite. The room temperature 

magnetization study gave a saturation magnetization value of 27.26 emu/g−1, remanant 

magnetization of 14.83 emu/g−1 and coercivity of 1346.55 Oe.   

The structural, dielectric and magnetic properties of Ni1-xCoxFe2O4 (x = 0.0- 0.5) prepared by 

co-precipitation method were reported by Maqsood et al. [108]. The diffraction analysis 

revealed a small decrease in lattice parameter and an increase in X-ray density as the cobalt 

content is increased. The variation of dielectric constant with frequency was explained on the 

basis of Maxwell-Wagner and Koop’s phenomenological theory. The decrease in dc 

resistivity with temperature indicated semiconductor like behavior while the AC resistivity 

increased with increase in frequency. 

Khan et al. [109] synthesized Ni1-xCoxFe2O4 (x = 0.0-0.5) by co-precipitation method. They 

investigated the structural parameters of the ferrite series using powder X-ray diffraction and 

reported an increase in lattice parameter, cell volume, X-ray density and crystallite size, while 

porosity and decrease in bulk density. The decrease in dielectric constant with increase in 

frequency was attributed to the lag of electrons behind the applied field and hence they do 

not contribute to polarization. The Curie temperature showed a shift to lower values as the 

cobalt content in the samples increased to 0.3 and then increased with further increase in the 

cobalt content. The increase in saturation magnetization as the cobalt content increases, was 

related to the larger magnetic moment on the Co3+ ion as compared to Ni2+ ion. Maqsood et 

al. [110] studied the dielectric properties of Ni1-xCoxFe2O4 (x = 0.0 - 0.5) by co-precipitation 

method. They reported a decrease in dielectric constant with increase in frequency while at 

higher frequencies a frequency independent behavior was observed. Gul et al. [111] studied 

the structural, electrical and dielectric properties of Ni1-xCoxFe2O4 (x = 0.0-0.5) synthesized 
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by co-precipitation route. The Curie temperature obtained from the resistivity plots showed 

an increase with nickel content. The resistivity decreased with nickel content and the 

activation energy was in the range of 0.356 to 0.764 eV. The dielectric constant showed the 

normal trend i.e. decrease with increase in frequency. Hankare et al. [112] studied the 

electrical and thermoelectric properties of nickel doped cobalt ferrite synthesized by sol-gel 

method. They attributed the conduction in the ferrite to the hopping of electrons between the 

Co3+/Co2+, Ni3+/Ni2+ and Fe2+/Fe3+ ions. They also found the conduction to be of n-type 

except for Nickel ferrite which showed p-type conduction mechanism. 

Zinc and nickel substituted cobalt ferrite were synthesized by the co-precipitation method by 

Anis-ur-Rehman [113]. The lattice parameter increased with nickel substitution and 

decreased with zinc substitution. The DC resistivity decreased with increase in temperature 

and also decreased with both nickel and cobalt substitution. The conduction was attributed 

to polaron hopping in the ferrite. Cobalt nickel ferrite with the composition 

Co0.5Fe0.5−xNixFe2O4 (x = 0.1 - 0.5) were synthesized by sol-gel auto combustion method 

using citric acid as fuel [114]. The x-ray diffractogram showed the presence of impurity peaks 

for the ferrites with x<0.3. The lattice parameter showed a linear decrease with increase in 

nickel content. The crystallite size also showed a decrease from 25 to 13 nm with nickel 

doping. They reported a change from semiconductor to metallic transition; this was seen in 

the impedance plots as well as in the AC conductivity where a change from negative to 

positive slope was observed. 

The properties of Ni0.5Co0.5Fe2O4 was studies as a function of milling time and annealing 

temperatures [115]. The impurity peaks were observed up to 30 hrs of milling which 

disappeared after 55 milling hours. The particle size as well as agglomeration increased with 

increase in annealing temperature. The saturation magnetization increased while the 

coecivity decreased as the annealing temperature was increased due to change in cation 

distribution. Nickel doped cobalt ferrite with the composition Co1-xNixFe2O4 (x = 0.0, 0.5, 

1.0) were synthesized by the solid state route by Kumar et al. [116]. The X-ray diffractogram 

showed all the characteristic peaks of cubic spinel phase with the peaks shifting to a higher 

2θ with nickel substitution. The five Raman peaks obtained, A1g, Eg and 3T2g all showed a 

blue shift as the nickel content increased. The dielectric constant decreased with frequency 

and NiFe2O4 showed the highest dielectric constant. Gibin et al. [117] reported the synthesis 
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of Ni1-xCoxFe2O4 (x = 0.3, 0.5, 0.7) by co-precipitation method using citric acid as a chelating 

agent. The prepared oxides were sintered at temperatures of 400oC, 600oC and 800oC. The 

X-ray diffraction analysis showed that the ‘as-prepared’ ferrites were amorphous which 

showed peaks in the diffractogram after sintering. The crystallite size increased with sintering 

temperature as well as with increase in cobalt content. The TEM images showed that the 

particles have a cubic morphology. Choi et al. [118] implemented the sol-gel method to 

synthesize pure cubic spinel Ni1-xCoxFe2O4 (0.0 ≤ x ≤ 1.0) ferrite. The lattice parameter 

decreased linearly in accordance with Vegard’s law due to the substitution of large Co2+ ions 

with smaller Ni2+ ions. The substitution of nickel also led to peak broadening which resulted 

in decrease in the particle size from 25.9 to 16.6 nm. The decrease in saturation magnetization 

was related to the smaller magnetic moment of Ni2+ as compared to that of Co2+ ions while 

the decrease in coercivity was credited to the lower magnetocrystalline anisotropy of Ni2+ 

ions. 

Niu et al. [119] synthesized Ni1-xCoxFe2O4 (0.0 ≤ x  ≤ 1.0) by sol-gel method using polyvinyl 

alcohol. After confirming the phase purity from X-ray diffraction the magnetic properties of 

the ferrite series were studied. The saturation magnetization increased monotonically with 

cobalt substitution. However, the coercivity increased for low cobalt substitution but at high 

cobalt concentration the coercivity showed a decrease. This decrease was related to the 

possibility of Co-Co coupling in the ferrite. Maaz et al. [120] reported the magnetic properties 

of NixCo1-xFe2O4 (0.0 ≤ x  ≤ 1.0) nanoparticles that were synthesized by co-precipitation 

method. The decrease in saturation magnetization and coercivity as the nickel content was 

increased was attributed to the lower magnetic moment and lower anisotropy of Ni2+ ions. 

The low temperature field cooled MH loops showed an exchange bias with the loops 

exhibiting a vertical shift. This effect diminishes as the nickel content increases. The blocking 

temperature also decreased due to the lower anisotropy associated with nickel ions. 

Rodrigues et al. [121] synthesized cobalt doped nickel ferrite with the composition Ni1-

xCoxFe2O4 (0.0 ≤ x  ≤ 0.75) by a microwave assisted combustion method. The purity of the 

prepared ferrites was confirmed from diffraction analysis. The increase in cobalt content 

resulted in reduction of saturation magnetization of the ferrite and an increase in the 

coercivity. The Pechini sol-gel auto combustion method [122] was successful employed as a 

synthesis method to synthesize Ni-Co spinel ferrite with the composition Ni1-xCoxFe2O4 (0.0 
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≤ x  ≤ 1.0, x = 0.15). The lattice parameter was determined by different methods and 

comparable values were obtained. The variation of the hyperfine field as obtained from the 

Mössbauer spectrum indicated the presence of a canted spin structure.  

 

1.3.2.2 Nickel magnesium ferrite 

Gabal et al. [123] synthesized Ni1-xMgxFe2O4 by the sol-gel method using egg white to 

prepare the precursor gel. They reported a decrease in saturation magnetization as well as a 

decrease in coercivity as the magnesium content was increased. The AC conductivity 

increased with frequency at low temperatures while it showed a frequency independent 

behaviour at high frequencies which points to a change from electron hopping to polaron 

hopping with increase in temperature. The temperature variation of AC conductivity changed 

from metallic to semiconductor at high temperature. 

Polycrystalline Ni-Mg ferrite with the composition Ni1-xMgxFe2O4 (x= 0.0, 0.25, 0.50, 0.75, 

1.0) were synthesized by the co-precipitation method by Naeem et al [124]. The electrical, 

dielectric and susceptibility properties were studied. The resistivity studies indicate 

semiconductor behaviour of the ferrites. They reported an activation energy in the range of 

0.266 to 0.525eV. The Curie temperature obtained from the susceptibility measurements 

decreased as the Mg content in the ferrite increased. The frequency variation of dielectric 

constant showed a decrease with increase in frequency. The structural and magnetic 

properties of Ni1-xMgxFe2O4 (0.0 ≤ x  ≤ 1.0, x= 0.2) were reported by Naidu et al. [125]. 

The ferrite series was synthesized by double sintering microwave method. The X-ray 

diffractogram did not reveal the presence of any impurity phase with an increase in the lattice 

parameter and a decrease in density as the magnesium content was increased. They reported 

a crystallite size in the range of 15-39 nm. The saturation magnetization, coercivity and Curie 

temperature were all reported to decrease as the magnesium concentration increased. 

Berchmans et al. [126] reported the dielectric and electric properties of Ni1-xMgxFe2O4 (x 

=0.0, 0.3, 0.6, 0.9) synthesized by citrate gel process. The dielectric property was related to 

the polarization caused due to the hopping of electrons and holes. The electrical properties 

were also dependent on electron hopping. The loss tangent vs frequency plots showed the 

presence of relaxation peaks which occurs when the hopping frequency matched the external 
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applied AC field. Berchmann et al. [127] also reported the use of this Ni-Mg ferrite as a green 

electrode material. They discovered that the electrochemical activity was maximum for 

Ni0.4Mg0.6Fe2O4 and minimum for Ni0.1Mg0.9Fe2O4. The stability studies indicated that 

Ni0.4Mg0.6Fe2O4 was the most stable in a corrosive environment. Hence they concluded that 

stability, electrochemical activity and conductivity increase with magnesium substitution and 

that Ni0.4Mg0.6Fe2O4 can be a suitable electrode material. 

Hankare et al. [128] studied the effect of sintering temperature on the structural and magnetic 

properties of Ni0.5Mg0.5Fe2O4. They prepared the ferrite by co-precipitation method and 

sintered the ferrite at different temperatures in the range of 600-1000oC. The crystallite size 

was reported to increase from 290 to 340 nm. The saturation magnetization increased while 

the coercivity decreased with increase in sintering temperature.  Sinha et al. [129] reported 

the effect of milling time and annealing temperature on the formation of single phase Ni-Mg 

ferrite. They observed that after 3h of milling the ferrite phase is formed but impurity peaks 

of NiO, MgO and α-Fe2O3 were still present which still remain even after 25h of milling 

which indicated the samples requires to be annealed. It was reported that only on annealing 

at 1073K for 1h, single phase spinel ferrite was observed while the unmilled sample required 

sintering at 1473K for 3h to form single phase.  

Airimioaei et al. [130] synthesized MgxNi1-xFe2O4 by sol-gel auto combustion method. The 

impedance analysis done by them revealed that two components model with a 

semiconducting and an insulating region is operational at low magnesium concentration, 

while as the concentration of magnesium was increased the two regions become 

indistinguishable and can be considered as a single component. The resistivity of the samples 

was reported to increase with Mg content. The ferrite series exhibited a ferromagnetic 

character with saturation magnetization decreasing with increase in x. Rana et al. [131] 

reported the magnetic properties of Mg1-xNixFe2O4 that was synthesized by ceramic method. 

The magnetic moment was found to increase with nickel content. The increase in Yaffet-

Kittle angles indicated that the magnetic properties cannot follow the Néel model and have 

to be explained using the non-collinear spin model. They also reported an increase in Curie 

temperature with increase in nickel content.  Chavan et al. [132] reported an increase in lattice 

parameter and crystallite size of NixMg1-xFe2O4 (x = 0.0-0.5) ferrite as the nickel content 

increased. The dielectric behaviour showed the normal trend. Ateia et al. [133] reported an 
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increase in the magnetic interactions with the substitution of nickel for magnesium in Ni-Mg 

ferrite. The saturation magnetization, coercivity, remanance and Curie temperature were 

reports to shift to higher temperatures as the nickel concentration increased. The difference 

between the calculated and observed magnetic moment pointed to the existence of Yaffet-

Kittle non collinear spin i.e. canting of spins at the octahedral sites. 

Shobana et al. [134] employed the sol-gel auto combustion method to synthesize Ni1-

xMgxFe2O4 (0.0 ≤ x  ≤ 1.0, x= 0.25). The optical studies showed a decrease in the band gap 

with increase in magnesium content. The ferrites showed a high charge-discharge capacity 

in excess of 700 mAh/g making them potential candidates for anode materials.  

Seshan et al. [135] synthesized Ni-Mg ferrite series NixMg1-xFe2O4 (0.0 ≤ x  ≤ 1.0) by 

ceramic method. The ferrite samples were sintered at 1575K and cooled in two different 

ways, by quenching to room temperature and furnace cooling to room temperature. The 

Mössbauer spectra of the ferrite series were interpreted. The isomer shift values found in the 

range of 0.3-0.8 mm/sec indicated that iron is in +3 oxidation state. The Hyperfine field was 

reported to decrease as the nickel content increased; this was due to decrease in the 

superexchange reactions when Ni2+ replaces Fe3+. These authors also studied the 

ferromagnetic resonance effect on Ni-Mg ferrite [136]. They reported an increase in the 

magnetization with increase in nickel content which they extrapolated to obtain the value at 

0K to determine the cation distribution. The g values calculated from the cation distribution 

and the theoretical values, match closely indicating a collinear spin model without any 

canting of spins. Tadi et al. [137] synthesized nickel doped magnesium ferrite, NixMgFe2-

xO4 (0.01 ≤ x  ≤ 0.2) by sol-gel combustion method. The relative intensities of the (220) and 

(400) peaks in the X-ray diffractogram was calculated to give the degree of inversion in the 

ferrite. They reported a decrease in inversion as the nickel content increased. The 

magnetization increased at low nickel content but at high nickel content, the magnetization 

decreased which was attributed to the different cation distribution with nickel substitution.  

Mittal et al. [138] reported the position of peaks in the XPS spectrum of Mg, Ni and Fe ions 

in Ni1-xMgxFe2-xO4 (0.0≤ x  ≤ 1.0). The Mg 1s spectrum showed two peaks at 1302.2 eV and 

1303.3eV which were assigned to the Mg2+ ions at the tetrahedral and octahedral sites, 

respectively. The Ni 2p3/2 peak shifted to lower B.E. as the content of nickel in the ferrite was 
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increased, this was credited to the distribution of the ions in different sites. The absence of a 

shoulder in this peak ruled out the presence of NiO. The Fe 2p3/2 peak along with a satellite 

peak 8eV higher than the main peak was assigned to Fe3+ ions. Mittal et al. [139] also reported 

the cation distribution in Ni1-xMgxFe2-xO4 (0.0≤ x  ≤ 1.0) from XPS and Mössbauer 

spectroscopy. The concentration of Mg2+ ions at the tetrahedral site increases as the nickel 

content was increased. NiFe2O4 being an inverse spinel, Ni2+ was present only at the 

octahedral sites. The percentage of magnesium assigned to the tetrahedral site by XPS was 

less due to the fact that it is only a surface method. This indicated a difference in cation 

distribution on the surface with that of the core. 

Varshney et al. [140] synthesized Ni1-xMgxFe2-xO4 (x= 0.0,0.5) by the chemical co-

precipitation method. The dielectric properties were attributed to the hopping of electrons 

between Fe2+/Fe3+ ions and the hopping of holes between Ni2+/Ni3+ ions. The frequency 

variation of loss tangent showed peaks due to Debye relaxation. It was also reported that an 

increase in temperature resulted in an increase in dielectric constant and loss tangent. Mocanu 

et al. [141] synthesized Ni-Mg ferrite by the sol gel combustion method and sintered the 

samples at 1200oC for 8hrs. They observed that the semiconducting and dielectric properties 

increased with magnesium concentration. They also reported a decrease in magnetic moment 

and Curie temperature as the magnesium content was increased. Chavan et al. [142] studied 

the electrical, dielectric and magnetic properties of Ni1-xMgxFe2-xO4 (0.0≤ x  ≤ 0.5) 

synthesized by the solid state reaction route. The decrease in electrical resistivity with 

increase in temperature indicated the semiconducting nature of the ferrite; this was credited 

to the increase in the drift mobility with increase in temperature. The increase in magnesium 

content resulted in an increase in resistivity, due to cation distribution as well as ionic size of 

the cations involved. The increase in AC conductivity with temperature was explained 

according to the small polaron hopping model. The magnetic properties decreased with 

increase in magnesium content, the reduced remanant magnetization ratio indicated that the 

particles are of a multidomain nature. Hiti [143-146] employed the ceramic technique to 

synthesize NixMg1-xFe2-xO4 (0.0≤ x  ≤ 1.0) and reported various properties of the same. They 

reported the structural parameters as obtained from the X-ray diffractogram. The lattice 

parameter decreased with increase in nickel content. The radius of the tetrahedral site was 

observed to decrease while that of the octahedral site was increased. The bulk density and X-
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ray density increased with nickel substitution. A linear increase in conductivity with increase 

in temperature was reported. A change in slope was observed indicating a change from 

ferrimagnetic to paramagnetic nature at the Curie temperature. The activation energies in the 

paramagnetic region were higher than the activation in the ferromagnetic region. The 

activation energy also increased as the nickel content increased. The increase in nickel 

substitution also resulted in an increased Curie temperature of the ferrites. They reported a 

decrease in AC conductivity with nickel incorporation, due to the lower conductivity 

associated with nickel ions as compared to magnesium ions. The replacement of nickel ion 

for magnesium at the octahedral site results in decrease in conductivity. The dielectric 

constant decreased with increase in frequency and increased with increase in temperature. 

The loss tangent showed similar behaviour, with relaxation peaks at higher temperatures. The 

dielectric constant and loss tangent decreased with increase in nickel content 

 

1.3.2.3 Cobalt cadmium ferrite 

Kumar et al. [147] synthesized Co0.5CdxFe2.5-xO4 (0.0≤ x  ≤ 0.5) by sol-gel method. The X-

ray diffractrogram showed the formation of pure spinel phase, with increase in the lattice 

parameter with increase in cadmium content due to the larger ionic size of Cd2+ ions. The 

Mössbauer spectra of the ferrites exhibited two sextets due to iron at the tetrahedral and 

octahedral sites however the sample Co0.5Cd0.5Fe2O4 showed a doublet. The isomer shift was 

reported to decrease at the tetrahedral site while the value increased at the octahedral site. 

The hyperfine fields showed a decreased for both the sites. Nano sized CoCdxFe2-xO4 (0.0  ≤ 

x  ≤ 1.0, x = 0.2) was synthesized by Singhal et al. [148] by the sol-gel auto combustion 

method and then annealed the samples at various temperatures in the range of 400-1000oC. 

The pure spinel phase was confirmed from the diffractogram with the lattice parameter 

showing an increase with increase in cadmium content. The low annealing temperature 

resulted in an amorphous phase however the crystallinity of the powders and its particles size 

increased with increase in annealing temperature. The saturation magnetization was reported 

to increase with cadmium content up to x=0.4 and then the value decreased due to canting of 

spins at the octahedral sites. The resistivity also increased with cadmium substitution. 

Hemeda et al. [149] reported the AC conductivity of cadmium doped cobalt ferrite. The 
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conductivity increased with cadmium content up to x = 0.5 and then decreased. This was 

related to the hopping length at the octahedral site, which decreases up to x=0.5 and then 

increases as the cadmium content is increased. 

Abdeen et al. [150] reported the dependence of DC conductivity on cadmium concentration 

in Co1-xCdxFe2O4 (0.0, 0.1,0.3, 0.5, 0.7, 0.9) synthesized by ceramic method. The 

conductivity decreased as the cadmium content in the system was increased up to x = 0.7, 

this was related to the increase in the Fe3+ ion concentration at the octahedral site with 

increase in cadmium content. This increases the hopping of electrons due to more charge 

carriers. The drift mobility also increased with cadmium substitution. The Seebeck 

coefficient was found to be negative indicating that electrons are the majority charge carriers. 

The increase in Fe3+ ions at the octahedral site increases the magnetic interactions which in 

turn increases Curie temperature. 

The double sintering ceramic method was employed to synthesize Co1-xCdxFe2O4 (0.0  ≤ x  

≤ 1.0) [46]. They reported an increase in saturation magnetization up to x=0.4 and then the 

value was reported to decrease with further increase in cadmium content. This was attributed 

to the canting of spins which was seen by the increase in canting angle with increase in 

cadmium content. The Curie temperature decreased linearly with increase in cadmium 

content due to weakening of the magnetic interaction with the substitution of non-magnetic 

cadmium for cobalt. Gabal et al. [151] synthesized Co1-xCdxFe2O4 (0  ≤ x  ≤ 1) by the thermal 

decomposition of metal oxalates by annealing at 1000oC for 5hrs. The X-ray diffractogram 

revealed the single spinel phase with the lattice parameter and X-ray density increasing with 

increase in x. The Mössbauer spectrum changed from a Zeeman sextet to a paramagnetic 

doublet as the cadmium content increased. The temperature dependent conductivity showed 

three regions, a metallic conduction region, ferromagnetic and paramagnetic region. Reddy 

et al. [152] synthesized Co0.5Cd0.5Fe2O4 by co-precipitation method coated with oleic acid 

and sintered at 300oC and 600oC. The low temperature sintered sample was amorphous with 

a flake like structure while the high temperature sintering gave a crystalline nature with grain 

like particles. The crystallite size increased as sintering temperature was increased. The 

magnetic properties were also affected by the sintering temperature, with an increase in the 

coercivity and saturation magnetization. They also reported the effect of sintering 

temperature on the structural and magnetic properties of Co0.9Cd0.1Fe2O4 ferrite [153]. The 
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increase in sintering temperature resulted in an increase in particle size, saturation 

magnetization and coercivity.  

The effect of sintering temperature on oleic acid coated Co-Cd ferrites were studied by 

Vattikuti et al. [154] and Reddy et al. [155]. The increase in sintering temperature increased 

crystallite size, saturation magnetization and coercivity.  

The structural properties of CdxCo1−xFe2O4 (x = 0·80, 0·85, 0·90, 0·95 and 1·0) were reported 

by Dalawai et al. [156]. The ferrite series was synthesized by ceramic method and sintered 

at 1000oC for 2hrs. They reported a crystallite size in the range of 29.1 to 42.8 nm with 

uniform spherical shape morphology. The lattice constant, X-ray density and bulk density, 

all increased with cadmium substitution. The radius at the tetrahedral site and the tetrahedral 

bond length increased while the same parameters at the octahedral site showed a decrease 

with increase in the value of x. The electric and dielectric properties of CdxCo1−xFe2O4 (x = 

0·0, 0·2, 0·35 and 0·5) were studied by Ahmad et al. [157]. The conductivity and drift 

mobility increased with cadmium content, however the ferrite with x=0.2 showed some 

abnormalities. The dielectric constant decreased with cadmium content. The increase in AC 

conductivity with frequency was explained with the small polaron hopping model. Nikumbh 

et al. [158] synthesized cobalt doped cadmium ferrite with the composition Cd1-xCoxFe2O4 

(0.0  ≤ x  ≤ 1.0, x=0.2) by tartarate co-precipitation method. The ferrites with x ≤ 0.2 did 

not give any hysteresis at room temperature which was attributed to the antiferromagnetic 

nature of these samples. The coercivity, remanance and saturation magnetization increased 

with increase in cobalt concentration. The Mössbauer spectra showed a paramagnetic double 

for the ferrites with x ≤ 0.4, while the ferrites with higher cobalt content gave a six line 

Zeeman sextet. The isomer shift and the hyperfine field at both the lattice sites showed an 

increase with increase in cobalt content. 

 

1.3.2.4 Nickel cadmium ferrite 

Lohar et al. [159] investigated the properties of Ni1-xCdxFe2O4 (0.0  ≤ x  ≤ 0.5, x=0.1) 

synthesized by the citrate gel method. They observed an increase in the lattice parameter and 

the x-ray density with cadmium substitution. The resistivity plot indicated semiconductor 

behaviour with conductivity increasing with cadmium substitution. The activation energy in 
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the paramagnetic region was higher than that of the ferromagnetic region. The activation 

energy in both the regions increased with cadmium content. The saturation magnetization 

increased till x =0.3 and then it decreased with further increase in x, while the coercivity 

decreased continuously with increase in the amount of cadmium in the ferrite series. Shelar 

et al. [160] reported the structural and magnetic properties of Ni1-xCdxFe2O4 (x=0.2, 0.4, 0.6). 

The conductivity of the ferrites showed a decreasing trend and the drift mobility also 

decreased with cadmium doping. This was related to the increase in the pores in the sample 

as the porosity increased and the density decreased with increase in cadmium content. They 

report an increase in saturation magnetization with increase in cadmium content. 

The double sintering ceramic technique was employed by Hakim et al. [161] to synthesize 

the Ni1−xCdxFe2O4 (0.0  ≤ x  ≤ 0.8) ferrite series. The larger radius of cadmium as compared 

to that of nickel resulted in an increase in lattice parameter. The presence of spin canting in 

the ferrite was evident from the increase in saturation magnetization up to x=0.3 and then 

decrease with further increase in x. The canting angle increased with cadmium substitution. 

The low temperature saturation magnetization showed a different trend with an increased up 

to x = 0.5 before it decreases. The permeability of the ferrites also increased with cadmium 

content; this was credited to the decrease in anisotropy energy and the increase in grain size 

of the ferrites. Ni-Cd ferrite with the composition Ni1-xCdxFe2O4 (0.0  ≤ x  ≤ 0.8) were 

synthesized by the ceramic method [162]. The Curie temperature obtained from initial 

permeability measurement was found to decrease with increase in cadmium content due to 

the decrease in the magnetic interactions. The substitution of non-magnetic cadmium ions 

resulted in a canting of spins at the octahedral site. The magnetic properties were explained 

using the Yaffet-Kittle three sub-lattice model. Su et al. [163] synthesized CdxNi1−xFe2O4 (x 

= 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) by thermal treatment of NiO, CdO and α-Fe2O3 at 

various sintering temperatures to yield the pure phase spinel ferrite. The lattice parameter as 

determined from XRD increased linearly with increase in cadmium concentration, in 

accordance with Vegard’s law. The site occupancy was determined by EXAFS study which 

showed that cadmium is present exclusively at the tetrahedral site and nickel exclusively at 

the octahedral site. The leaching study revealed that the amount of nickel and cadmium 

leaching from the ferrites is much less than from NiO and CdO. This can be an efficient 
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procedure to remove waste nickel and cadmium from industrial waste by converting them to 

the corresponding ferrite. 

Rahimi et al. [164] reported a decrease in crystallite size with cadmium doping in the ferrite 

series Ni1−xCdxFe2O4 (x = 0.0, 0.1, 0.3, 0.5 and 0.7) synthesized by sol-gel auto combustion 

method. Spin canting in the ferrite series was also reported, with the saturation magnetization 

increasing and then decreasing with increase in cadmium content. The coercivity showed a 

decrease with increase in cadmium content. Modi et al. [165] synthesized nickel doped 

cadmium ferrite, CdxNi1–xFe2O4 (x= 0.2, 0.4, 0.6, 0.8) by co-precipitation method. The XRD 

analysis confirmed the formation of single spinel phase while EDAX analysis confirmed the 

stoichiometry of the ferrite. The force constant of the tetrahedral and octahedral site was 

obtained from the Infrared spectra. The force constant of the tetrahedral site increases while 

that of the octahedral site decreases with increase in cadmium content. The increase in elastic 

constant and Debye constant was related to strengthening of the bonds with increase in 

cadmium concentration. 

Ravinder et al. [166] studied the electrical properties of Ni1-xCdxFe2O4 (x = 0.2-0.8). The 

ferrite series was prepared by the double sintering method. The electrical conduction was 

found to decrease with increase in the cadmium content. The Seebeck coefficient had a 

negative value indicating a majority are n-type charge carriers. The value of the Seebeck 

coefficient became less negative with increase in cadmium content. 

 

1.3.2.5 Nickel cobalt cadmium ferrite 

There were only a few reports in literature on Ni-Co-Cd ferrite, which are summarized here. 

Ni0.4CoxCd0.6-xFe2O4 (x = 0.0-0.6) ferrite series was synthesized by Patil et al. [167] 

employing combustion method. The phase purity was confirmed by XRD with the peak 

intensity increasing with increase in cobalt content. The lattice parameter and the X-ray 

density was reported to decrease with increase in cobalt substitution. The authors also 

reported the dielectric behaviour in the microwave range [168]. The dielectric constant 

decreased with increase in frequency. The ferrite sample with x = 0.0 showed the highest 

dielectric constant and the value decreased with increase in the cobalt content. It was also 

reported that the spinel changed from an inverse spinel to a random spinel with cobalt 
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substitution. In another report, these authors reported the AC conductivity and magnetic 

properties of the ferrite series [169]. The AC conductivity increased with increase in 

frequency which is indicative of small polaron hopping. The saturation magnetization, 

coercivity and remanance increased as the cobalt content in the ferrite series was increased. 

Satishkumar et al. [170] synthesized Cadmium doped Ni-Co ferrite with the composition 

CdXNi0.5-xCo0.5Fe2O4. The lattice parameter increased as the cobalt concentration was 

increased. The saturation magnetization, coercivity, remanance decreased and the Curie 

temperature shifted to lower values with increase in the cadmium content. The dielectric 

constant however was reported to increase with cadmium substitution. 

 

1.3.3 Magnetic properties of ferrites 

Particle size, chemical composition, cation distribution, preparation methods and 

interparticle interactions can influence the magnetic properties of nanoparticles. The 

manganese doped cobalt ferrite nanoparticles were synthesized by Topkaya et al. [171] with 

the aim to study the magnetic properties of MnxCo1-xFe2O4 ferrite. They reported an increase 

in saturation magnetization up to x = 0.6 and then a decrease in saturation with further 

increase in manganese content due to the reduction of Fe3+ to Fe2+ in the manganese rich 

samples. The increase in cobalt content increased the anisotropy which in turn increased the 

coercivity and remenence in the ferrite system. The ZFC-FC curves indicated a spin-glass 

like behaviour with the blocking temperature increasing at low manganese concentration but 

decreases at high manganese concentrations. Naik et al. [172] studied the magnetic properties 

of rare earth (Dy, Gd) doped Co-ferrite prepared by sol-gel auto combustion method. The 

reported ZFC-FC curves revealed a superparamagnetic behaviour with the ZFC curves 

reaching a maximum at the blocking temperature which decreases with substitution. The MH 

curves recorded above the blocking temperature showed a small hysteresis. The saturation 

magnetization was found to decrease with rare earth doping. Gawas et al. [173] reported the 

synthesis of superparamagnetic magnesium doped Ni-Zn ferrite having the composition 

MgxNi0.6-xZn0.4Fe2O4 (x= 0.0-0.6). The blocking temperature was found to decrease with 

magnesium incorporation due to the reduction in anisotropy with diamagnetic magnesium 

substitution. The MH curves measured above the blocking temperature showed no coercivity 
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while those measured below this temperature showed hysteresis. The saturation 

magnetization, coercivity and remanance all decreased with magnesium substitution. They 

also reported [174] magnetic properties of cobalt doped Ni-Zn ferrite, CoxNi0.6-xZn0.4Fe2O4 

(x= 0.0-0.6). The broad maximum observed in the ZFC curve was attributed to a wide 

distribution in particle size. An increase in blocking temperature was reported up to x=0.3, 

for x ≥ 0.4 the blocking temperature remained constant. The saturation magnetization was 

found to increase as the cobalt content increased except for the ferrite with x=0.3 which gave 

a low value of magnetization which was explained using the Yaffet-Kittle lattice model. 

Metal ferrite MFe2O4 (M= Mn, Fe, Co, Ni and Zn) were synthesized by thermolysis using 

long chain amine and metal chloride precursors as reported by Mohapatra et al. [175]. The 

blocking temperature increased in the order Zn2+<Ni2+<Mn2+<Fe2+<Co2+, due to increase in 

spin–orbit coupling. The blocking temperature also increased with increase in particles size. 

ZnFe2O4 showed the lowest saturation magnetization values while MnFe2O4 showed the 

highest. As the nanoparticles size increased, saturation magnetization increased which was 

attributed to the decrease in the spin disordered surface layer due to change from nano to 

bulk ferrite. Naik et al. [176] studied the magnetic properties of CoFe2O4 and correlated the 

coercivity to the magnetic anisotropy. The strong L-S coupling in Co2+ is responsible for its 

high anisotropy and hence a high coercivity. The saturation magnetization and coercivity was 

observed to increase at low temperatures. Kumar et al. [177] studied the magnetic properties 

of CoxNi0.6-xZn0.4Fe2O4. The trend of saturation magnetization with cobalt substitution was 

explained on the basis of spin canting while the increase in coercivity was attributed to the 

high crystalline anisotropic energy of cobalt ions. 

Bercoff et al. [178] reported spin canting in mixed Ni-Zn ferrite. They found that the 

substitution of non-magnetic zinc ions in the Nickel ferrite lattice results in an increase in net 

magnetization for low zinc ferrites but as the zinc content became high the magnetization 

value in ferrites decreased. This was explained using three sub-lattice model, with the 

octahedral site splitting into two sub-lattices that are canted or aligned at an angle to each 

other. Spin canting was also reported in cadmium substituted magnesium ferrite [179]. Here 

the magnetization increased with cadmium content up to x = 0.4 and then decreased with 

further increase in cadmium content. The canting angle between the two octahedral sub-
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lattices increased with cadmium content which explained the trend in the magnetization 

values. 

Gadolinium substituted cobalt zinc ferrite synthesized by sol-gel auto combustion method by 

Pawar et al. [180]. They reported an increase in the saturation magnetization with gadolinium 

doping which was due to the substitution of gadolinium, which has a higher magnetic 

moment, at the octahedral site. The low temperature hysteresis loop study showed a higher 

value of magnetization as compared to the room temperature values. The coercivity also 

increased with gadolinium substitution due to the high anisotropy associated with Gd3+ ion. 

The temperature dependence of magnetization revealed a larger separation between the ZFC-

FC curves and an increase in blocking temperature which was also explained on the basis of 

higher anisotropy in Gd3+ ions. 

Vasundhara et al. [181] synthesized cobalt ferrite having size of 6 and 50 nm by a salt assisted 

combustion method and reported difference in magnetic properties between the two. The 6 

nm ferrite sample exhibited a superparamagnetic behaviour with zero hysteresis and 

remanance while the 50 nm ferrite sample had a ferromagnetic like behaviour with a broad 

hysteresis loop. Köseoğlu et al. [182] reported an increase in saturation magnetization and 

coercivity with cobalt content in CoxZn1-xFe2O4 which was due to the magnetic character and 

anisotropy of cobalt. The room temperature hysteresis loops obtained were S-shaped with no 

coercivity and remanance which indicated superparamagnetic behaviour. The low 

temperature hysteresis loops were open with large coercivity and irreversibility. The 

temperature dependent magnetization curves revealed a spin glass like behaviour with 

increase in the blocking temperature with increase in cobalt content. Peddis et al. [183] 

studied the temperature dependence of magnetization in nano CoFe2O4 using different 

protocols. The ZFC-FC curves indicate a superparamagnetic behaviour of the nanoparticles. 

A linear increase in saturation magnetization with decrease in temperature was reported up 

to 50K while below this temperature a more rapid increase took place. The low temperature 

loops showed an exchange bias which was related to a core shell structure. Peddis et al. [184] 

studied the temperature dependence of magnetic properties of CoFe2O4 dispersed in a silica 

matrix. The FC curves continuously increased with decrease in temperature which indicated 

weak interparticle interactions while the ZFC curve gave a maximum at the blocking 

temperature which is typical of superparamagnetic particles. The field cooled MH curves 
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showed exchange bias which was accredited to a core shell structure of an ordered 

ferromagnetic core and disordered surface layer.  

Song et al. [185] reported anomalies in the temperature dependent magnetization of Fe3O4 

nanoparticle. They reported a sudden decrease in the FC curves and a broad mound in the 

ZFC curves at a low temperature which was assigned to a Verwey transition. The MT curves 

of MnFe2O4 exhibited a spin glass like behaviour with a sharp decrease in magnetization in 

the ZFC curves.  

The magnetic loops of CoxFe3-xO4 reported by Dehsari et al. [186] exhibited bimagnetic 

behaviour due to strong interparticle magnetic interactions. They reported that as the cobalt 

concentration increased the coercivity of the sample increased till the cobalt content was 0.7 

and then the coercivity decreased. This is due to the anisotropy associated with the cobalt 

ion. The saturation magnetization decreased as the cobalt content in the ferrite increased. A 

similar trend was reported at 2K also. The blocking temperature of all the ferrites were above 

room temperature except for the ferrite with x=0.0 and 0.1. The blocking temperature 

increased with increase in cobalt content. They also reported the size dependent magnetic 

properties of Co0.7Fe2.3O4, reporting an increase in coercivity with particles size at room 

temperature whereas at 2 K the coercivity showed a maximum for the 11.5 nm particles and 

then decreased with further increase in size. This was related to a change from single domain 

to multidomain behaviour in the nanoparticles. Muscas et al. [187] synthesized iron oxide 

nanoparticles and studied their magnetic properties. They employed ZFC-FC protocols as 

well as TRM (Thermo-remanant magnetization) protocols and observed three regions over 

the temperature range of 5 K to 300 K. The first change was due to a Verwey transition which 

was observes at around 90K and a low temperature spin freezing region that resulted in a 

temperature independence of the FC curves. In this region the coercivity increases 

tremendously and the field dependent curves do not go to saturation at a high field. Lakhani 

et al. [188] doped Al3+ ions into the CuFe2O4 spinel lattice. They observed a decrease in 

saturation magnetization as the aluminium content increased while the change in coercivity 

and remanance was negligible. The ZFC-FC curves showed thermo-magnetic reversibility 

with the ZFC curves having a negative magnetization below 35 K for samples with high 

aluminium content. This was due to the canting of the Cu2+ ions with Fe3+ ions at the 
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octahedral sites resulting in a compensation effect, each of which have a different 

temperature dependence. 

Patange et al. [189] doped both non-magnetic zinc and aluminium ions into cobalt ferrite. 

They observed a change from Néel two lattice model to a Yakel-Kittle model with increase 

in substitution. This is due to the substitution of non-magnetic cations at the tetrahedral site 

which results in a canting of the spins at the octahedral site resulting in a three sub-lattice 

model. It was also reported that the coercivity of the system decreased due to decrease in the 

anisotropy of the particles due to non-magnetic ion substitution. Mitra et al. [190] synthesized 

Fe3O4 nanoparticles with spherical and octahedral shapes having sizes ranging from 4 to 14 

nm. In both the nanoparticles superparamagnetism was observed and the saturation 

magnetization increased as the size increased, with the octahedral particles exhibiting a 

higher saturation magnetization value. The ZFC-FC curves are typical of superparamagnetic 

particles however the octahedral particles exhibited a Verwey transition in the temperature 

range of 120-124K. This was not observed in the spherical particles due to the spherical shape 

which resulted in higher shape anisotropy. This difference in anisotropy was also reflected 

in the difference in blocking temperatures with the octahedral particles having a higher 

blocking temperature. Belavi et al. [191] reported an increase in the magnetization as 

cadmium is doped into Ni-Cu ferrite.  This was explained using Néel two sub-lattice model. 

The introduction of non-magnetic cadmium ions into the tetrahedral sites resulted in an 

increase in net magnetization. They also reported an increase in the Yaffet-Kittle angle with 

doping. Cobalt doped lithium nano ferrites were synthesized by Aravind et al. [192]. The 

ZFC-FC curves reported by them showed a decrease over the temperature range. The two 

curves bifurcate at a temperature which they called the blocking temperature. The hysteresis 

loops measured above this temperature did not show any coercivity or remanance while low 

temperature measurements showed ferromagnetic behaviour. 

Nikmanesh et al. [193] studied the magnetic properties of chromium substituted Cobalt 

ferrite that were calcinated at different temperatures. They observed a decrease in saturation 

magnetization as the chromium content was increased. The substitution of lower magnetic 

moment Cr3+ ions for Fe3+ ions at the octahedral sites is responsible for this decrease. The 

coercivity and remanance also decreased as the chromium content increased. The increase in 

sintering temperature for the ferrite with same chromium content resulted in an increase in 
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saturation magnetization.  This was explained as, due to result of two factors, namely, 

increase in crystallinity and change in cation distribution because of change in sintering 

temperature. With increase in calcination temperature, the coercivity increased and then 

decreased which was explained due to the change in the particles from single domain to 

multidomain particles.  

The magnetic properties of CoFe2O4 with crystallite size of 9, 23 and 30 nm was synthesized 

by Gu et al. [194]. They reported an increase in all magnetic parameters i.e. saturation 

magnetization, coercivity and remanance with increased in crystallite size. The increase in 

saturation magnetization was attributed to decrease in surface layer with increase in size. The 

MT curves reported under ZFC-FC protocols exhibit a blocking temperature for the ZFC 

curves while the FC curves continuously decrease with increase in temperature. The two 

curves meet at a temperature which corresponds to the blocking temperature of the largest 

particles. Rahman et al. [195] reported the size dependent magnetic properties of Fe3O4 in 

which they found that with increase in the annealing temperature the saturation magnetization 

decreases. All the prepared samples were found to be superparamagetic with no coercivity 

and remanance. Song et al. [196] reports the size as well as shape dependent magnetic 

properties of cobalt ferrite synthesized by seed mediated growth. The ZFC-FC curves for 

both the cubic and spherical nanoparticles had the same trend with the blocking temperature 

increasing with increase in the particle volume. This was related to the Stoner Wohlfarth 

model. The saturation and remanant magnetization increase with size but there was no shape 

dependence. However, the coercivity showed shape dependence with the same size cubic 

particles having a much lower coercivity. The flat surface of the cubic particles results in a 

better symmetric coordination of the surface atoms resulting in a lower anisotropy. The size 

effect on magnetic properties of ferrites was also reported by Ngo et al. [197]. They 

synthesized three cobalt ferrite particles with size of 3.1, 4.7 and 6.2 nm. With increase in 

size the squareness of the loops increased, the saturation magnetization also increased while 

the coercivity was reported to decrease with increase in size. There was also a change from 

uniaxial anisotropy to cubic anisotropy with increase in size. The temperature dependent 

curves measured under ZFC condition showed an increase in the blocking temperature with 

size also the FC showed larger temperature independence for the larger particles indication 

an increase in anisotropy of the particles with size.  



39 
 

Vestal et al. [198] studied the effect of silica coating on the magnetic properties of CoFe2O4 

and MnFe2O4. It was observed that silica coating does not alter the blocking temperature of 

the ferrites while the remanance and saturation decreased with coating due to decrease in the 

amount of magnetic material. The coercivity of the CoFe2O4 ferrite did not change with 

coating while the silica coating of MnFe2O4 resulted in a decrease in coercivity this was 

related to the role of surface anisotropy in MnFe2O4. Costa et al. [199] reported the effect of 

sintering temperature on the properties of Ni0.5Zn0.5Fe2O4. The hysteresis in the MH loops 

decreased as the sintering temperature increased. This was also seen by the decrease in 

coercivity which was attributed to the increase in crystallite size with increase in sintering 

temperature. 

 

1.3.4 Gas sensing of ferrites 

The development of modern chemical industries resulted in environmental concerns that pose 

a series treat to life and environment. Especially the exhaust gases from industries and 

burning of fossil fuels created lots of gas pollution. Thus, the need of the hour is to control 

this pollution and also to monitor it for its control. For the purpose of monitoring the gaseous 

pollution, gas sensors have been designed from different materials including ferrites.  The 

review of such ferrites is presented below. 

Abu-Hani et al. [200] reported the gas sensing of CuFe2O4 and ZnFe2O4 embedded in a PVA-

glycerol matrix towards H2S gas. Although both the samples showed sensing, the ZnFe2O4 

sample showed a higher response. This was attributed to the higher chemical affinity of S for 

Cu as compared to Zn resulting in a saturation of the CuFe2O4 samples at all temperatures. 

The sensors have a fast response time of around 20 sec. Karmakar et al. [201] reported the 

gas sensing characteristics of Mg0.5Zn0.5Fe2O4 towards ethanol and acetone. The response 

increased with increase in temperature with the sensor showing maximum response to 

ethanol at 350oC and 375oC while showing maximum response to acetone at 350oC. The 

sensor was responsive to concentration of 10 to 200 ppm for both the gases. NiFe2O4 and Cu 

supported on NiFe2O4 were reported as gas sensors for the detection of reducing gases [202]. 

Among the various reducing gases, the samples showed selectivity towards ethanol. The 

optimum operating temperature was in the range of 325-375oC. The sensing property 
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increased with Cu doping of 1% but decreased with further increase in Cu content. The 

optimum temperature also shifts to 325oC with increase in Cu support. Patil et al. [203] 

reported MgFe2O4 as an efficient reducing gas senor. The ferrite showed sensitivity towards 

LPG, acetone, ethanol and ammonia at different operating temperatures and hence could be 

used as a senor to various gases by setting the temperature. The sensor showed no drop in 

response even after six months. The LPG sensor characteristics of lanthanum ferrite was 

reported by Yadav et al. [204]. The ferrite was used in pellet form which showed a response 

to LPG gas even up to a concentration of 5000 ppm.  They reported a response time of 50 to 

100 sec and a recovery time of 350 to 400 sec. Sutka et al. [205] reported the use of cobalt 

doped nickel ferrite as a sensor for acetone vapours. The ferrite series showed sensitivity 

towards acetone which decreased as the concentration of cobalt was increased in the ferrite 

series which was related to the Co2+ ions being less active than the Ni2+ ions. The response 

of all the samples increased with increase in temperature and showed a maximum response 

at 275oC, the response decreased with further increase in temperature. They also reported the 

sensing properties of zinc doped nickel ferrite [206]. The sensitivity towards volatile organic 

compounds was studied. The sensitivity decreased in the order acetone > propanol > xylene 

> toluene. The sensitivity towards acetone decreased as the zinc concentration increased. The 

optimum temperature for this sensitivity was found to be 275oC. However, the response time 

was around 300 secs which was quite high, this was related to the bulk nature of the ferrite 

sample.  

Kumar et al. [207] compared the humidity sensing properties of cobalt ferrite of different 

shape. Three CoFe2O4 samples having spherical, cubic and hexagonal shape were studied. 

All the samples showed an increase in sensitivity with increase in humidity concentration 

with the hexagonal shaped sample showing the maximum sensitivity. The response time of 

the hexagonal shape sample was almost half that of the other two. while all three samples 

times were also lower. Liu et al. [208] studied the gas sensing properties of faceted and solid 

microspheres of ZnFe2O4. Both the sensors showed response towards ethanol, acetone and 

methanol. The sensitivity response increased with increase in temperature, reached a 

maximum and then the decreased with further increase in temperature. For ethanol and 

acetone, the maximum operating temperature was 180oC while methanol showed maximum 

sensitivity at 225oC. The faceted microspheres showed a lower response and recovery time. 
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Both the sensors were sensitive to ethanol concentrations of 500 ppb to 500 ppm. Kamble et 

al. [209] studied the gas sensing characteristic of NiFe2O4. They used bulk as well as thick 

films of the ferrite sample. Both the sensors showed response to chlorine gas with the thick 

film giving a better response. The sensors also showed response to ammonia. The complete 

recovery of the thick film sensor was achieved on heating the sensor to 60oC.  

The gas sensing properties of ZnFe2O4 were reported by Li et al. [210]. The sensor showed a 

response towards acetone and to a lesser extent ethanol. The optimum operating temperature 

was reported to be 260oC. The recovery time increased while the response time decreased 

with increase in the concentration of the test gases. The sensor had an operating range of 10 

to 500 ppm.  Kim et al. [211] reported the room temperature humidity sensing of manganese 

doped cobalt ferrite having nanowire morphology. The doping with manganese increased the 

sensing characteristic of CoFe2O4 which showed no activity at room temperature and only a 

small sensitivity at 200oC. The sensor showed a linear response with increase in humidity up 

to 100% with a recovery time of only 6 sec.  The use of cobalt ferrite as an ammonia sensor 

was reported by Yuan et al. [212]. They synthesized CoFe2O4 by sol-gel method and sintered 

the samples at 600oC and 1400oC. They used these samples to prepare two sensors. They also 

prepared a sample by co-sintering the cobalt ferrite along with the electrolyte at 1400oC. This 

co-sintered sample showed the highest sensitivity to ammonia. The response time of 8-10 sec 

was reported and the response time increased with decreasing sintering temperature.  Wu et 

al. [213] showed the effect of cation distribution on gas sensing characteristics. ZnFe2O4, 

having a normal spinel and an inverse spinel structure were prepared. The inverse spinel 

ZnFe2O4 had a larger response to H2S gas as compared to the normal spinel ZnFe2O4. The 

optimum operating temperature was reported to be 260oC with response and recovery time 

of 8 and 20 secs, respectively.  Nickel doped cobalt ferrites with the composition NixCo1-

xFe2O4 (x = 0.0, 0.33, 0.5, 0.67) were synthesized by Zou et al. [214]. They reported the 

sensing activity of these ferrites towards toluene vapors with the ferrite, Ni0.33Co0.67Fe2O4 

showing the best response. The optimum temperature where the sensor showed a maximum 

response was 300oC. The ferrite series showed sensitivity from 10 ppm to 500 ppm of 

toluene.  Ghosh et al. [215] reported the effect of particle size on gas sensing properties of 

nickel ferrite. They synthesized NiFe2O4 which were milled for different times resulting in a 

decrease in particle size with increase in milling time. The sensing property increased with 
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reduction in size. The sensor showed response towards hydrogen and hydrogen sulphide gas 

but at different operating temperatures. The sensitivity towards hydrogen was reported at 

100oC and toward H2S at 150oC indicating that by controlling the temperature the sensor 

could be used for detection of both the gases.  Kapse et al. [216] studied the gas sensing 

properties of Ni1-xZnxFe2O4 (x = 0.2, 0.3, 0.4, 0.5). The sensors showed sensitivity towards 

H2S and ethanol at different operating temperatures of 275oC and 300oC, respectively. The 

maximum response was shown by the ferrite with x = 0.4. However, the selectivity towards 

ethanol was quite poor. To enhance this, they supported Pd on the ferrite sensors. This not 

only increased the sensitivity towards H2S but also improved the selectivity as well as 

lowered the operating temperature to 175oC.  Nickel ferrite nanospheres showed a superfast 

response to acetone as reported by Zhang et al. [217]. The sensor was responsive to even 200 

ppb of acetone and could detect up to a concentration of 100 ppm of acetone. The working 

temperature was found to be 250oC with a response time of only 2 sec.  

Liu et al. [218] reported the gas sensing ability of MgFe2O4 towards reducing gases like 

ethanol, H2S, CH4 and LPG. All these gases showed a response at different operating 

temperatures. With the exception of H2S which showed response at 160oC, all the other gases 

showed maximum response at 335oC with the MgFe2O4 giving maximum response to 

ethanol. The sensor had a lower detection limit of 1ppm for H2S and 10ppm for ethanol.  

Nanofibers of cobalt ferrite were studied for their sensing activity by Prasad et al. [219]. The 

nanofiber sensor showed response to acetone, ethanol and ammonia at room temperature. At 

low concentrations of these gases only ammonia gas gave an appreciable response. The 

response of the sensor remained the same even after the sensor was run for 5 cycles.  Zhang 

et al. [220] synthesized NiFe2O4 nanoparticles and nanotubes and reported their gas sensing 

activity. Both the sensors showed appreciable response to methane and ammonia with the 

nanotubes showing a slightly better response. The response to ammonia gas was much higher 

than the response reported for methane gas. Increasing the working temperature as well as 

with increase in concentration of methane did not improve the response of the sensor. Kannan 

et al. [221] studied the gas sensing characteristics of ZnFe2O4 by studying the impedance of 

the sensor on exposure to various test gases. The sensor response decreased in the order, 

methanol < ethanol < propanol. The response time as well as recovery time also increased in 

the same order. The sensor had a lower detection limit of 100 ppm and an upper detection 
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limit of 1000 ppm to all the alcohols.  A gas sensor for NO2 was developed by Li et al. [222]. 

They reported MnFe2O4 nanospheres as a selective NO2 sensor as compared to other gases. 

The sensor showed maximum response at 200oC to 250 ppb of the gas. The sensor had an 

upper detection limit of 2500 ppm. They reported a response and recovery time of 150 and 

180 secs, respectively.  

 

1.4 Aim, objectives and plan of the present investigation 

A look at the scientific reports on ferrites revealed the importance of this material in the 

advancement of technology. The versatile applications of ferrites in transformer cores, 

information storage, magnetically separable catalyst, drug delivery, ferro-fluids, etc make 

them an important candidate in the area of research. The dependence of the properties of 

ferrites on the metal cation as well and particle size make them sensitive to the method of 

synthesis. The structural, magnetic, dielectric and electrical properties of ferrites can be tuned 

by doping different metal cation into the ferrite lattice. The substitution of different metal 

ions into the tetrahedral and octahedral site in the cubic spinel lattice of ferrites can modify 

the properties of the ferrite. Nickel ferrite is known to be a soft ferromagnetic material. Our 

idea was to tune the properties of this soft magnetic material by doping different metal 

cations. Cobalt which is known for its high anisotropy and magnesium which is non-magnetic 

in nature were the two cations chosen to substitute nickel in the nickel ferrite lattice. This 

was done with the aim of understanding the modification, these ions can bring in the 

properties of nickel ferrite. It was also thought of incorporating cobalt and cadmium together 

in the nickel ferrite lattice to see the simultaneous effect of both these ions on the properties 

of nickel ferrite. 

With this in mind, our first challenge was to choose an appropriate synthesis method to 

prepare these ferrites. There are several methods used to synthesize ferrites like the sol-gel 

method, co-precipitation method, hydrothermal method, combustion method, precursor 

combustion method, etc. The precursor combustion and combustion method were chosen to 

synthesize the ferrite series under the present investigation. 
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The precursor combustion method involves a reaction between transition metals ion solution 

with a carboxylate solutions containing hydrazine to form a mixed metal hydrazine-

carboxylate complexes. Hydrazine being a fuel not only supports combustion but also lowers 

the decomposition temperature of the metal complexes. These complexes are important 

precursors to obtain nanosized metal oxides, which can have interesting properties. The 

characterization of the precursor was to be done by Elemental analysis, Infrared analysis and 

Thermal analysis. The ‘as-prepared’ and the ‘sintered’ ferrites were to be characterised by 

X-ray diffractometry, Infrared spectroscopy, Raman spectroscopy, Transmission electron 

microscopy (TEM), Scanning electron microscopy (SEM), X-ray photoelectron microscopy 

(XPS) and Mössbauer spectroscopy. It was also planned to do a detailed study on the 

magnetic, dielectric and electric properties of these ferrites. 

The combustion synthesis route on the other hand is a low temperature synthesis technique 

compared to ceramic technique, which offers a unique mechanism via a highly exothermic 

redox reaction to produce metal oxides. In combustion synthesis, it is easy to control the 

stoichiometry and the crystallite size, which has an important influence on the magnetic 

properties of the ferrites. Organic compounds such as glycine, urea, citric acid, alanine or 

carbohydrazide have been mixed with metal nitrates to make a redox mixture for the 

combustion synthesis. Not only the choice of fuel but the fuel to oxidizer ratio is important 

in combustion synthesis. After coming to the conclusion to use hexamine as the fuel for 

combustion synthesis, the next step was to study the different oxidiser to fuel ratio and select 

one ratio which gives single phase spinel ferrites as well as smaller particle size which will 

have different structural, electric, dielectric and magnetic properties than the bulk.  This 

optimized fuel ratio would be used to synthesize the ferrite series. The solid state properties 

of ‘as-prepared’ and the ‘sintered’ ferrite will also be studied as mentioned above. The change 

in the properties of the ferrite as the dopant concentration increases will be the primary focus. 

It was also proposed to study the difference between the nano and bulk properties of the 

ferrite series.  

Another objective of the research work was to study the gas sensing activity of the ferrites. 

The purpose for doing this was that if the samples showed good sensing activity then they 

can be commercialised as gas sensing material. The ferrites in the form of thick films were 
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proposed to be checked for their sensing activity towards oxidising and reducing gases such 

as chlorine, nitric oxide, hydrogen sulphide, liquefied petroleum gas and ammonia. 

To conclude, the primary aim of this research was to study how the properties of nickel ferrite 

are affected by magnesium and cobalt substitution and the substitution of cadmium ions in 

Ni-Co ferrite. The effect of particle size on the properties of the ‘as-prepared’ (nano) and 

sintered (bulk) ferrite are proposed to be studied. With these objectives in mind, the 

systematic research was carried out and the results are presented in this thesis.  

This thesis is organised into six chapters 

Chapter I: A brief introduction to ferrites and a literature review on the ferrite system and 

applications are presented in this chapter. This chapter also includes the aim, objective, plan 

of present investigation and motivation behind the research work. 

Chapter II: Elaborates the methodology adopted to prepare the samples and the 

characterization techniques that were used in this research. 

Chapter III: Discusses the optimization of the fuel to oxidizer ratio and the characterization 

and solid state properties of ‘as-prepared’ and ‘sintered’ Ni doped Co-Cd ferrite. 

Chapter IV: Discusses the synthesis and characterization of hexahydrazinated nickel cobalt 

ferrous succinate precursors, NixCo1-xFe2(C4H2O4)3.6N2H4 (x = 0.0-1.0) and the 

characterization and solid state studies of ‘as-prepared’ and ‘sintered’ Ni doped Co ferrite. 

Chapter V: Discusses the optimization of the fuel to oxidizer ratio and the characterization 

and solid state properties of ‘as-prepared’ and ‘sintered’ Ni doped Mg ferrite. 

Chapter VI: Gives the summary of the entire research work and conclusion drawn from the 

research findings. 
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Chapter 2 

2 Experimental Procedures and Characterization 

Techniques 

2.1 Introduction 

Research on nanocrystalline ferrite materials is one of the most fascinating areas of 

research. Nano materials research is based on three fundamental frameworks, synthesis 

of the nano material, understanding the properties of the material and the correlation 

between the two. The synthesis route applied, has a profound influence on the shape, 

size and distribution of the particles, which can significantly affect the properties of the 

materials. There are various synthesis routes that are employed to prepare nano and bulk 

spinel ferrites. Each method has its own merits and limitation and as such there is no 

universal synthesis method for nano particles. These methods can be broadly classified 

into top down and bottom up approach. In the top down approach, larger particles are 

broken down into smaller ones. This includes the conventional solid state methods that 

involve high temperature sintering and high energy ball milling [1-7]. In the bottom-up 

approach, ions combine chemically to form the nano particles. This includes techniques 

like co-precipitation [8-18], sol-gel [19-29], hydrothermal [30-34], sonochemical [35-

37], combustion [38-42] and the precursor combustion method [43-56].  

The precursor combustion and combustion methods were chosen by us to synthesize the 

ferrites. In the precursor combustion method, hydrazinated carboxylate precursor 

complex is used as an important precursor to obtain nanosized metal oxides, which can 

have interesting electrical, magnetic, sensing and catalytic properties. These complexes 

being pyrophoric in nature, combust once ignited to give nanosized metal oxide. 

Combustion synthesis involves the reaction between an organic compound such as 

glycine, urea, citric acid, hexamine, alanine or carbohydrazide with metal nitrates to 

make a redox mixture which on heating leads to an exothermic reaction to give the 

metal oxide. 

This chapter describes the synthesis procedure employed in the present study, 

description of the characterization techniques, techniques used to determine the solid 

state properties and application of the synthesised ferrites. 
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2.2 Synthesis by precursor combustion method 

This section describes the synthesis of the hexahydrazine nickel cobalt ferrous succinate 

precursor having composition NixCo1-xFe2(C4H4O4)3.6N2H4 (x = 0.0, 0.2, 0.4, 0.5, 0.6, 

0.8 and 1.0) and its thermal decomposition to form the NixCo1-xFe2O4 (x = 0.0, 0.2, 0.4, 

0.5, 0.6, 0.8 and 1.0) ferrite. 

 

2.2.1 Materials 

The starting materials used for the synthesis were of analytical grade and were used 

without any further purification. The starting materials used were NiCl2.6H2O (Thomas 

Baker, 98%), CoCl2.6H2O (SD Fine Chemicals,99%), Iron Powder (SD Fine Chemicals, 

95%), Sodium Succinate (Thomas Baker, 99%) and Hydrazine Hydrate (SD Fine 

Chemicals, 99%). The appropriate amount of metal chlorides was dissolved in water. 

Ferrous chloride was freshly prepared by the heating iron powder and concentrated 

hydrochloric acid in an inert atmosphere of CO2. 

 

2.2.2 Synthesis procedure 

The hexa-hydrazine nickel cobalt ferrous succinate precursor was synthesized by 

employing the method first devised by our group [57]. An aqueous solution of sodium 

succinate and hydrazine monohydrate in the ratio 1:2 was stirred in an inert N2 

atmosphere for 2 h. To this solution, stoichiometric amount of freshly prepared ferrous 

chloride, mixed with nickel chloride and cobaltous chloride was added drop wise with 

constant stirring. The light brown precipitate obtained was filtered, washed with 

ethanol, dried with diethyl ether and stored in a vacuum desiccator. 

x NiCl2(aq) + (1-x) CoCl2(aq) + 2FeCl2(aq) + 3Na2(C4H4O4)(aq) + 6N2H4.H2O(aq) 

                   NixCo1-xFe2(C4H4O4)3.6N2H4(s) + 6NaCl(aq) + 6H2O(l)     -------  (2.1) 

 

2.2.3 Autocatalytic decomposition of the precursor 

The dried hexahydrazine nickel cobalt ferrous succinate precursor was spread on a 

ceramic tile and ignited with a burning splinter. The precursor catches fire and burns 
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with a red glow which spreads over the entire powder to give the auto-combusted 

nanosized ferrite, NixCo1-xFe2O4. The NixCo1-xFe2O4 powder was then heated at 500oC 

for 5 hrs to remove any residual carbon formed during the combustion process and 

ground in an agate mortar for 2 hrs to obtain ‘as-prepared’ ferrite. 

NixCo1-xFe2(C4H4O4)3.6N2H4(s) + 17O2(g)                                                                                                                       

NixCo1-xFe2O4(s) + 12CO2(g)+ 6N2(g)+ 18H2O(g)      -------  (2.2) 

 

2.3 Synthesis by combustion method 

The fuel used in the combustion method was Hexamethylenetetramine (Hexamine). 

Hexamine is a tetradentate ligand that forms complexes with metal ions and act as 

combustible precursors which forms nanosized metal oxides on thermal decomposition 

[58]. In the present study, metal (Ni, Co, Fe, Mg and Cd) nitrate salts were used as they 

can act as oxidant as well as metal source. The combustion of metal nitrate-hexamine 

mixture undergoes a self-propagating and non-explosive exothermic reaction to give the 

ferrite. 

Two of the ferrite series were synthesized by this method namely, nickel doped cobalt 

cadmium ferrite, Cd0.5-xNixCo0.5Fe2O4 (x = 0.0 - 0.5, x = 0.1) and the nickel doped 

magnesium ferrite, NixMg1-xFe2O4 (x = 0.0 - 1.0, x = 0.1). The synthesis procedure is 

described here. 

 

2.3.1 Materials 

The starting materials used for the synthesis were of analytical grade which used 

without further purification. The starting materials used were Ni(NO3)2.6H2O (Thomas 

Baker, 98%), Co(NO3)2.6H2O (SD Fine Chemicals,99%), Cd(NO3)2.4H2O (SD Fine 

Chemicals,99%) Mg(NO3)2.6H2O (SD Fine Chemicals,99%) and Fe(NO3)3.9H2O (SD 

Fine Chemicals,99%) and Hexamine (Thomas Baker, 99%). 

 

2.3.2 Synthesis procedure 

To start with, first the appropriate amounts of metal nitrates were taken in a beaker and 

melted on a hot plate. Then finely powdered hexamine was added to the melt and the 
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slurry was introduced into a muffle furnace which was preheated to 400oC. After 

evaporation of the water content, the mixture frothed and ignited to combust giving the 

desired ferrite in the form of a voluminous and foamy powder. The combustion is 

accompanied by the evolution of a large volume of gases. The reaction proceeds 

according to the following equation after dehydration.  

(0.5-x) Cd(NO3)2 + x Ni(NO3)2 + 0.5 Co(NO3)2 + 2 Fe(NO3)3 + 0.66(CH2)6N4  

                  Cd0.5-xNiXCo0.5Fe2O4 + 3.96 CO2 + 3.96 H2O + 5.32 N2 + 4.06 O2 ------- (2.3) 

 

x Ni(NO3)2 + (1-x) Mg(NO3)2 + 2 Fe(NO3)3 + 0.51 (CH2)6N4  

                    NiXMg(1-x)Fe2O4 + 3.06 CO2 + 3.06 H2O + 5.32 N2 + 4.06 O2   -------  (2.4) 

 

The blackish-brown powder obtained was ground and then calcined at 500oC for 5 hrs 

to remove any unburnt carbon formed during the combustion process. The powder was 

then ground in a Fritsch ball mill at a speed of 150 rpm for 1 h to obtain the nanosized 

‘as-prepared’ ferrite. All the ferrite samples belonging to the above mentioned two 

series were prepared using the above described procedure. 

 

2.4 Pellet formation  

The ‘as-prepared’ ferrite powders of different compositions obtained from the 

combustion and the precursor combustion method were pressed in the form of pellets of 

cylindrical shape. This was done by using a hydraulic press and applying a pressure of 5 

tonnes for 5 minutes in a conventional die. The pellets were used for solid state study 

when required and some of them were used to form the bulk ferrites. 

 

2.5 Presintering of the ferrites 

The ‘as-prepared’ ferrites were presintered in pellet form by heating the pellets at 800oC 

for 5 hrs in a muffle furnace in an air atmosphere to give the pre-sintered ferrites. The 

presintered pellets were crushed and ground for two hours in an agate mortar. 

Presintering is an important step in the densification of materials. It helps to reduce 
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cracks in the crystal and improper grain growth that occurs during high temperature 

sintering. It also results in a slow densification of the material.  

 

2.6 Sintering of the ferrites 

The process of sintering is the process of compaction of powders by heating them at a 

temperature below their melting point. During sintering, low temperature inter particle 

bonding takes place, through solid state diffusion of species, this increases compactness 

of grains. Sintering also involves the reduction in pores resulting in a densification of 

the particles.  

The presintered powders were made into pellets and toroid forms which were then used 

for sintering. Few drops of 2% polyvinyl alcohol solution was homogenised with the 

presintered ferrite powder (in acetone medium) which acts as a binder. The powders 

after drying were pressed into cylindrical pellets having a diameter of 10 mm and a 

thickness of 2-3 mm by applying a pressure of 7 tonnes for 5 minutes in a conventional 

die. For preparation of Toroids using toroidal die, a pressure of 7 tonnes was applied for 

4 minutes. The toroid had dimensions of 20 mm outer diameter, 10 mm inner diameter 

and 3-4 mm thickness. These pellets and toroids were sintered in air using tubular 

furnace maintained at 1000°C (or 950oC for the Ni doped Co-Cd ferrite) for 10 hours to 

obtain ‘sintered’ ferrites. 

 

2.7 Characterization techniques 

The ‘as-prepared’ and ‘sintered’ ferrites were characterized using different techniques. 

These ferrites were then studied to determine their magnetic, dielectric and electric 

properties. The various techniques used for characterization and study of solid state 

properties are described below. 

 

2.7.1 Chemical analysis 

The contents of hydrazine, different metals as well as the carbon, hydrogen, nitrogen 

and oxygen in the hexahydrazine nickel cobalt ferrous succinate precursors were 

determined as described in the following text. 



63 

 

The hydrazine content was determined under Andrew’s condition using 0.025N KIO3 as 

titrant [59]. The carbon, hydrogen and nitrogen contents of the precursors were 

determined on Elementar Vario Micro Cube CHNS analyser. The metal content of all 

the ferrites was confirmed by ICP-AES analysis. Besides this, analysis of cobalt, nickel 

and iron was also done using conventional methods, as described below, after the three 

metals were separated using ion-exchange chromatography. 

A known amount of the precursor was taken and decomposed by evaporating to dryness 

first in aqua-regia to decompose the succinate group and then in concentrated 

hydrochloric acid to bring the metals into their chloride form. To this 10 mL of 9 mol/L 

HCl was added along with 0.5 mL of hydrogen peroxide (30 % w/v) to oxidise all Fe2+ 

ions to Fe3+ ions. The three metal ions were then separated on a strongly basic anion 

exchange resin (Amberlite IR 400 Cl- form) using different eluents i.e.  Nickel with 150 

mL of 9 mol/L HCl, cobalt with 100 mL of 4 mol/L HCl and iron with 150 mL of 0.5 

mol/L HCl. The metal ion solutions obtained were evaporated to about 2-3 mL and 

neutralized before making the stock solution. Nickel and cobalt was estimated by EDTA 

titration using Murexide and Xylenol orange, respectively as indicators [58]. Iron was 

estimated gravimetrically by precipitating as iron hydroxide using ammonium 

hydroxide solution. The iron hydroxide was then heated at 550 OC in a muffle furnace 

and weighed as the oxide Fe2O3 from which the amount of Fe was determined. 

 

2.7.2 Thermal analysis 

Thermal analysis is a branch of material science which measures the change in physical 

and chemical properties of a material with temperature as the material is heated or 

cooled in a controlled manner. There are several thermal methods that differ from each 

other based on the properties which are measured.  

In the Thermo-gravimetric (TG) analysis, the change in weight of a substance is 

measured as a function of temperature or time. The results are plotted as mass loss or 

percentage mass loss against temperature or time. The derivative of the thermogram 

(DTG), is useful in detecting small weight loss as well as to resolve the steps in 

thermogram. In differential thermal analysis (DTA), the difference in temperature 

between an inert reference and the sample is recorded as a function of temperature. TG 

can only detect the processes that involve a change in weight. Coupling TG with DTA 
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enables the detection of processes like polymorphic transitions and melting, where no 

change in weight is involved. 

In the present work, simultaneous TG-DTA analysis was carried out on the precursors 

to determine the decomposition steps as well as to determine the calcination 

temperature at which the precursors decompose to give the ferrites. The simultaneous 

thermogravimetric (TG), derivative of thermogravimetry (DTG) and differential thermal 

analysis (DTA) measurements of the precursor were recorded from RT to 800oC on a 

NETZCH STA 409 PC (Luxx) analyser. The experiments were carried out in oxygen 

atmosphere at a purge rate of 100 mL per min and ramping rate of 10oC per min with 10 

mg of the sample in alumina cups. 

The isothermal mass loss of the precursors was also carried out at different 

predetermined temperature based on TG–DTG–DTA results. The hydrazine estimation 

was also carried out at these temperatures. Total mass loss studies were carried out by 

heating the precursor at 400oC for one hour in a silica crucible. The decomposition of 

the precursor with temperature was also monitored by Infrared spectroscopy. The 

samples were heated at the predetermined temperatures and the Infrared spectrum was 

then recorded at room temperature. 

 

2.7.3 X-ray diffraction 

X-ray diffraction is one of the most widely used technique in the characterization of 

solids. X-rays can be used to determine i) The crystallinity of a given solid and its 

crystal structure, ii) Evaluate the nature of phases present, iii) Study the crystal 

imperfections and iv) Calculate the structural parameters. 

X-rays are electromagnetic radiation with wavelength in the range of 100 to 0.1 Å, 

corresponding to frequencies in the range 3×1016 Hz to 3×1019 Hz and photon energies 

in range of 100 eV to 100 KeV. According to Laue, crystal planes in a crystal, act as the 

grating for X-rays causing them to undergo diffraction by the crystals. Only short 

wavelength X-rays can cause diffraction as these X-rays can penetrate deep into 

material and provide information about the structure of the bulk. 

When an X-ray beam is incident on a material, the photons of the X-ray interact with 

the electrons in atoms and get scattered. Diffracted waves from different atoms interfere 
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with each other and the resultant intensity distribution is strongly controlled by this 

interaction. The atoms in a crystal have fixed positions. The diffracted waves consist of 

sharp interference peaks with the same symmetry as in the distribution of atoms. The 

distribution of atoms in a material can be deduced from the diffraction pattern. The 

peaks in an X-ray diffraction pattern are directly related to the atomic distances.  

 

Fig. 2.1 Diffraction from atoms in a crystal in accordance with Bragg’s law. 

 

From figure 2.1, when a beam of X-rays incident on a crystal with the atoms arranged in 

a periodic manner, the X-rays will experience a diffraction. The atoms form different 

planes in the crystal. In X-ray analysis, a monochromatic X-ray radiation is allowed to 

fall on a certain crystal plane on which some atoms are situated. Then according to 

Bragg’s law the diffraction maximum is obtained if, 

2d Sin (θ)hkl = nλ     ------------- (2.5) 

In the equation 2.5, λ is the wavelength of the X-ray, θ is the scattering angle and n is 

the order of diffraction. The Bragg’s Law is one of the most important laws used for 

interpreting X-ray diffraction data. From the law, we find that the diffraction is possible 

only when λ < 2d. 

In the present work, a RIGAKU ULTIMA IV X-ray powder diffractometer using Cu Kα 

radiation (λ = 1.5418 Å) filtered through Ni and operating at the voltage of 40 kV and 

current of 20 mA was used. The diffraction patterns are recorded in the 2θ range of 20° 

to 80° with the step size of 0.02°. 

The lattice parameter for each peak of the ferrite samples was calculated by using the 

formula, 

a = d . (h2 + k2 + l2)1/2    ------------ (2.6) 
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where h, k, l are the miller indices of the crystal planes. 

The average crystallite sizes of ferrite samples were calculated using Scherrer’s 

formula, 

D = 
K λ

β cos θ
      ------------ (2.7) 

Where D is crystallite size (in nm), λ is wavelength of the X-rays (in Å), β is line 

broadening at full width half maxima (in radians), K is dimensionless shape factor with 

value of 0.89 and θ is Bragg’s angle. 

The X-ray density of all the ferrite samples is computed following the relation, 

dx  = 
8M

Na3      ----------- (2.8) 

Where, N is Avogadro’s number, M is molecular weight of the sample and ‘a’ is lattice 

constant. 

The bulk density is calculated considering the mass and volume of cylindrical shape 

pellet using the relation 

dB = 
m

πr2h
        ------------ (2.9) 

Where, m is the mass of the pellet and πr2h represents the volume of the pellet. 

The % porosity (% P) of the ferrites was obtained from the X-ray density (dx) and bulk 

density (dm) using the relation, 

                     𝑃 = 1 − 
dm

dx
 x100             ----------- (2.10) 

The hopping length between the cations in tetrahedral site (𝐿𝐴) and the octahedral site 

(LB) are calculated using the equation (2.11) and (2.12), respectively. 

LA = 
a√3 

4
   ------------ (2.11)                                           LB = 

a√2 

4
   ------------ (2.12) 

Where, 𝑎 is the lattice parameter. 

 

2.7.4 Infrared spectroscopy 

Fourier transform Infrared spectroscopy is a non-destructive technique that is based on 

the absorption of electromagnetic radiation in the range of 400-4000 cm-1. This 

wavelength range lies in the Infrared region of the electromagnetic spectrum. If the 
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absorption of IR radiation can bring about a change in the dipole moment of the 

molecule, it will be IR active. On absorption of Infrared radiation, the bonds in the 

molecule vibrate; this involves a transition between molecular vibrational energy levels. 

The Vibrations can involve either a change in bond length (stretching) or bond angle 

(bending). Some bonds can stretch in-phase (symmetrical stretching) or out of phase 

(asymmetric stretching). 

Group theory predicts four absorption bands in the region of 100 to 1000 cm-1 for spinel 

ferrites.  Three of these are due to the atoms/ions at the tetrahedral and octahedral site 

while the fourth one is due to lattice vibrations. The high frequency (γ1) band arises due 

to the M-Otet stretching while the low frequency (γ2) band is due to M-Ooct stretching.  

The FTIR spectra of the precursors and their decomposed end products were recorded 

on a Shimadzu IR Prestige-21 spectrometer in diffuse reflectance mode at ambient 

condition in the range of 400 to 4000 cm-1. The samples were prepared by mixing 

sample powder with potassium bromide in the ratio 1:100 and the background was run 

with solid KBr. 

 

2.7.5 Raman spectroscopy 

Raman spectroscopy is based on the inelastic scattering of monochromatic light, usually 

from a laser source in the visible, near Infrared or near ultra violet region. This is also 

known as Raman scattering or Raman effect. The photon of the incident light, on 

interaction with the sample, is absorbed; upon re-emission the photon will have energy 

higher or lower than the incident light. This spectroscopy provides information on the 

vibrational and rotational modes in the sample as well as other low frequency 

transitions. Solids, liquids and gases can be studied. 

The Micro-Raman measurements were carried out in the range of 225- 900 cm-1 on 

HORIBA JOBIN YVON HR-800 Raman spectrometer equipped with a CCD detector. 

A 633 nm He - Ne laser was used as excitation source for the analysis of the ferrite 

samples with the power of 10 mW. The Raman spectra were recorded at room 

temperature. 
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2.7.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is a surface technique to probe, not only the chemical 

composition, but also information on the chemical bonding and chemical state of atoms. 

This spectroscopy is based on photoelectric effect. A beam of high energy X-rays 

incident on a material having sufficient energy to overcome the binding energy of the 

core level electron, will cause ejection of this electron from the core. The kinetic energy 

of the ejected electron is characteristic of the orbital from which it originates. The study 

of the photoelectron spectroscopy provides information about the elements under study. 

Since X-rays are used, there is very little charging of the sample, hence non-conducting 

as well as conducting materials can be analysed. The full scan is recorded over a wide 

binding energy range to determine the different elements present.  

X-ray photoelectron spectroscopy was performed using a PHI 5000 Versa Probe II 

equipped with monochromatic Aluminium Source (Al-kα radiation, hν = 1486.7eV). 

The instrument was operated at 15 kV / 20 mA and the electron energy analyser was 

operated with the pass energy of 20 eV for short scan. The vacuum level maintained in 

the sample analyser chamber was 5.2 X 10-10 mbar and the binding energy of C1s core 

(285.0 eV) was taken as reference. 

 

2.7.7 Mössbauer spectroscopy 

Mӧssbauer spectra of ferrite samples were recorded at room temperature using an 

Mӧssbauer spectrometer operated in constant acceleration mode (triangular wave) in 

transmission geometry. The source employed was Co-57 in Rh matrix of strength 50 

mCi. The calibration of the velocity scale was done by using enriched α-Fe metal foil. 

The line width (inner) of the calibration spectrum was 0.26 mm/s and all the Mӧssbauer 

spectra were fitted by using a WIN-NORMOS site fit program assuming Lorentzian line 

shape. 

Mӧssbauer spectroscopy investigates the transition between nuclear energy levels. The 

solid sample is exposed to a beam of γ-rays and the intensity of the transmitted beam is 

recorded. The source of the γ-rays must be an isotope of the element under study. The 

difference in chemical environment between the source and the absorber causes a shift 

in the nuclear energy levels. These energy shifts are small, but the narrow line width of 
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γ-rays make the corresponding change in absorbance large. The source is accelerated 

through a range of velocities using a linear motor to produce a Doppler effect, to bring 

the source and the absorber back into resonance. 

A Mössbauer spectra involves plotting the gamma ray intensity versus the velocity of 

the source. At velocities corresponding to the resonant energy levels of the sample, 

absorption of gamma takes place and the measured intensity drops, resulting in a dip in 

the spectrum. The number, positions, and intensities of these drops provide information 

about the chemical environment of the atomic nuclei under study. 

 

2.7.8 Scanning electron microscopy 

Scanning electron microscopy is a versatile technique that produces images that can be 

used to study the texture, topography, size and shape of the sample. The sample can be 

in the form of powder or in the form of a pellet. An electron beam focused on the 

surface of the sample interacts with it producing various signals that provide 

information about the topography of the sample. SEM scans normally detect secondary 

or back-scattered electrons with respect to the position of the incident beam.  

The SEM images of the ferrite samples in the present study were obtained using a Carl-

Zeiss EV018 Scanning electron microscope (SEM). The samples are spread on the 

carbon conducting tape mounted on the standard specimen mounting studs. Gold 

coating of the samples was done in a polaron coating unit E500 to prevent the charging 

in the specimen. The electron beam parameters are kept constant while analysing all the 

samples. The micrographs of the samples with 20 kV EHT and 25 pA beam current are 

recorded by 35 mm camera attached on the high resolution recording unit of the 

instrument. 

 

2.7.9 Transmission electron microscopy 

Transmission electron microscopy (TEM), is a technique in which a beam of electron is 

transmitted through a sample to form an image on a photographic film or detected with 

a CCD camera. In a typical analysis, a beam of monochromatic electrons produced by 

an electron gun are focussed on to the sample as a small coherent beam with the help of 

two condenser lenses. The scattered and un-scattered electrons produced are transmitted 

https://en.wikipedia.org/wiki/Linear_motor
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through the sample and contains information about the sample. The elastic scattering 

results in a diffraction pattern in a TEM image called the selected area electron 

diffraction (SAED). This pattern gives information about the phases in the sample and 

the sample orientation. The inelastic scattering results in high resolution images that 

provide information about grain boundaries, defects, distribution of particles as well as 

their shape and size.  

The TEM images along with the SAED pattern were recorded on PHILIPS CM 200 

transmission electron microscope operating at an accelerating voltage of 200 kV and 

providing a resolution of 2.4 Å. 

 

2.7.10 DC magnetization study  

DC Magnetization measurements were performed using a Quantum design Vibrating 

sample magnetometer in maximum external field up to 3 Tesla and in the temperature 

range of 50 K to 400 K. The measurement involves oscillating the sample in a pickup 

(detection) coil and simultaneously detecting the induced voltage. To detect and resolve 

small magnetic field of 10-6 emu, a compact gradiometer pickup coil that can induce 

relatively large oscillation amplitude and a frequency of 40Hz is used. A VSM consists 

primarily of a VSM linear motor transport (head) for vibrating the sample, a coil set 

puck for detection, electronics for driving the linear motor transport and detecting the 

response from the pickup coils, which are controlled through a program. 

Magnetization measurements were carried out as a function of applied field (H) at 

constant temperature (MH) and as a function of temperature (T) in a constant applied 

field (MT). MH hysteresis loops were measures in an applied field of 3 tesla to -3 tesla at 

room temperature and at 50K. Low temperature MH loops were obtained by cooling the 

sample from room temperature to 50K in the absence of a field (Zero field Cooled 

conditions) and cooling in an applied field of 3 tesla (Field cooled conditions) and then 

measuring the hysteresis loops.  

MT curves were obtained using two protocols. For ZFC measurement, the ferrites were 

cooled to 50 K without any external magnetic field and then the magnetization (MZFC) 

was recorded during warming up to 400 K under an applied field of 250Oe, 500Oe and 

1000Oe. For the FC measurement the ferrites were cooled down again in an applied 
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field and then the magnetization (MFC) was recorded during warming up to 400 K under 

the same applied field. 

 

2.7.11 AC susceptibility study 

Alternating current (AC) susceptibility is used to determine the domain state in 

magnetic materials. There are three types of domain state in polycrystalline magnetic 

material: single domain, multi domain and superparamagnetic. The behaviour of the AC 

susceptibility curve with temperature can determine the domain structure of the 

material. The AC susceptibility also gives information about the magnetic transition 

temperature called the Curie temperature. This is the temperature at which the thermal 

energy is high enough to destroy the magnetic ordering and the transformation from 

ordered ferromagnetic to a disordered spin state of paramagnetic can be obtained. 

The thermal variation of AC susceptibility was recorded using a temperature 

programmed Datalogger for Science Experiments (DOSE). AC susceptibility setup 

operating at an applied field of 5 kOe, standardized with Nickel and supplied by ADEC 

Embedded Technology and Solutions Pvt. Ltd, Corlim, Goa, India was used. The 

measurements were carried out in the temperature range 300 - 800 K and from the plots 

of χT/χRT versus temperature, the Curie temperature of the ferrite samples and the 

domain structures were determined. 

 

2.7.12 Dielectric study 

A material can be classified as a dielectric if it has the ability to store energy in the form 

of charge when an external electric field is applied. A dielectric will not allow the 

electric charge to flow through it when placed in an electric field. The dielectric 

constant is dependent on various factors such as temperature of sintering, method of 

synthesis, grain size and dopant cations.  

The frequency dependence of dielectric constant was carried out in the range of 100 Hz 

to 10 MHz and as a function of temperature from RT to 773 K using a Wayne Kerr 

6500P LCR meter by two probe method. The measurements were performed on disk 

shaped pellets having a diameter of 1 cm and a thickness of 0.2 - 0.3 cm.  
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The dielectric constant (εʹ) and dielectric loss tangent (tanδ) were calculated using the 

relation 

εʹ = 
C d

ε˳A
      ------------ (2.13)         

Where, C is the measured capacitance (in Farad), d is the pellet thickness (in meters), ε˳ 

is the permittivity of free space (8.854x10-12 F/m) and A is the cross sectional area of 

the pellet (in m2). The dielectric loss tangent (tanδ) is calculated using the relation, 

tanδ = 
εʹ

ε"
               ------------- (2.14) 

Where, ε’’ is the complex dielectric constant. 

 

2.7.13 Permeability study 

Initial permeability describes the state of magnetization in the sample. The spin rotation 

and domain wall motion contribute in the permeability of polycrystalline ferrites. The 

initial permeability is defined as 

μi = lim
𝐻→0

𝐵

𝐻
                ------------ (2.15) 

Where, H is applied field, B is magnetic induction and μi initial permeability. The 

temperature variation of permeability is performed by measuring the inductance of a 

toroidal sample. The toroids used for the measurements had an outer diameter of 2 cm, 

inner diameter of 1 cm and the thickness of 0.3 - 0.4 cm approximately. The toroids 

were wound with about 50-55 turns of 30 SWG enamelled copper wire. The inductance 

of the toroids was measured using Wayne Kerr LCR meter model 6500P. The 

inductance was measured in the frequency range of 20Hz to 10 MHz at room 

temperature and also the temperature variation was carried out at fixed frequency of 1 

kHz over the temperature range from room temperature to 500°C. The initial 

permeability was calculated using the formula,  

𝐿 = 0.0046𝑁2ℎ log 
𝑑1

𝑑2
    ------------  (2.16) 

Where, L is the inductance in μH, d1 and d2 are the outer and inner diameter, 

respectively of the toroid, N is the number of turns of copper windings and h is the 

height of the core in inches. 
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The initial permeability increases with increase in temperature and drops very sharply 

near Curie point. The vertical drop in permeability determines the Curie temperature 

and is directly related to the chemical homogeneity of the samples. 

 

2.7.14 DC electrical property study 

The electrical resistivity studies of all the ferrites were performed by using two-probe 

method. The ferrite samples in the form of pellets with a diameter of 1 cm and thickness 

of 0.2 cm were used. The change in current (I) as a function of temperature was 

measured at a constant voltage (V) of 2 V in the temperature range from room 

temperature to 900 K. The resistance (R) of the sample was calculated using Ohm’s 

law, 

R = 
V

I
       ------------- (2.17) 

The resistivity (ρ) of each sample was then calculated by using the formula 

𝜌 = 
𝑅𝑙

𝐴
      ------------ (2.18) 

Where, R is the resistance in ohm, A is cross sectional area of the pellet and l is the 

thickness of the pellet. The temperature dependence of electrical resistivity was plotted 

as log 𝜌 vs 1000/T. In accordance with the Arrhenius relation given below, the slope of 

the linear portions of the graph in different regions was used to calculate the activation 

energy. 

𝜌 = 𝜌˳ 𝑒𝑥𝑝
Ea

kBT    ------------ (2.19) 

Where, Ea is the activation energy, 𝑘𝐵 is the Boltzmann constant and T is the 

temperature. 

 

2.8 Gas sensing study 

In recent years, the study and development of new sensor materials has become an 

active part of scientific research. The aim of achieving selective sensing at low 

concentration of the gas at room temperature is the driving force for this research. 

Spinel ferrites are among the promising material which are found to show change in 

resistance on exposure to a gas due to absorption and interaction of the gas with the 
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surface. In the present study, the ‘as-prepared’ ferrites were studied for their sensing 

activity by measuring their response to various test gases viz. NO2, Cl2, NH3, H2S and 

LPG. 

 

2.8.1 Fabrication of the thick film gas sensor 

Sensor materials can be fabricated into gas sensor in three ways, in the form of pellets, 

thick films or thin films. The thick film technology, due to its low cost, easy fabrication 

and hybridization is the most widely used. Thick films can be fabricated through 

various deposition techniques like screen printing, casting, roll compact extrusion, 

spraying or coating. The screen printing method was adopted by us due to ease with 

which pattern of desired shape and size can be fabricated and also due to economical 

aspect. 

Screen printing involves deposition of thixotropic paste on to the substrate. A 

thixotropic paste of the ferrite was prepared as follows. The ‘as-prepared’ ferrite was 

mixed with a temporary binder (Ethyl Cellulose) and an organic solvent (Butyl Carbitol 

Acetate) to form a paste. To obtain a proper viscous thixotropic paste, the amount of 

binder and solvent were appropriately chosen. For every 70 parts of the inorganic 

ferrite, 30 parts of the organic mixture was added. 

The paste was screen printed on to a glass substrate. A Nylon mesh screen with 200 

mesh density was used. The paste was force through the pores on the screen with the 

help of a squeegee using standard photolithography technique. The paste flows through 

the pores due to its pseudo plastic nature and does not disperse on the glass slide. The 

films had a rectangular shape with dimensions of 9mm length and 4mm width. The 

slides were dried under an IR lamp and then fired at 400oC for 30min to remove the 

organic parts. Silver contact was made on the films using highly conducting silver paste 

to maintain better electrical contact. 

 

2.8.2 Gas sensing setup 

The schematic of gas sensing setup used for gas sensing studies is shown in Fig. 2.2. 

The thick film sensor was placed in an insulated airtight stainless steel test gas chamber 

having a capacity of 250 ml. The sensor was heated using an inbuilt DC power supply 
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and the temperature of the sensor was controlled using a thermocouple. A DC voltage of 

2V was applied across the sensor and the resistance was measured on the Keithley 

electrometer (Model: 6514).  

 

 

Fig. 2.2 Gas sensing setup schematic.  

 

A required quantity of the test gas was injected through the gas inlet with the help of a 

medical practitioner’s syringe (Volume 5-50 ml). The change in resistance of the film 

was measured by the electrometer which was interfaced to computer. Further, recovery 

of sensor was initiated by venting the chamber using gas outlet valve of the chamber.  

 

2.8.3 Gas sensing measurements 

The volume of test gas required to achieve a specific vapour concentration in the 

chamber was calculated using the formula,  

Concentration of the gas (ppm) = 
Volume of gas injected (mL)

Volume of gas chamber (mL)
   ------------- (2.20) 

Sensor response is defined as the ratio of change in resistance of thick film on exposure 

to the test gas to the resistance of thick film in air atmosphere at the selected 

temperature and it is given by the relation, 
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Gas Response (%) =
|Ra−Rg|

Ra
 × 100              ------------ (2.21) 

Where, Ra is the resistance of thick film in air (Ω) and Rg is the resistance of thick film 

in test gas (Ω). 
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Chapter 3 

3 Synthesis, Characterization and Solid State Studies 

of Cd0.5-xNixCo0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) 

3.1 Introduction 

Spinel ferrites play an important role in the modern electronic industry due to their 

unique properties like high resistivity, high temperature ferrimagnetism, low 

dielectric loss and low eddy currents. The properties of ferrites are sensitive to the 

method of synthesis as well as the sintering temperature and dopant concentration 

[1]. Different metal dopants added to the ferrite lattice can change the magnetic 

properties from a soft magnet having low magnetocrystalline anisotropy to a hard 

magnet in which the magnetocrystalline anisotropy and coercivity are high. 

Magnetic properties are also sensitive to the particle size and the surface to volume 

ratio [2]. The particle size affects the inversion degree and the number of spins 

cooperatively linked with in the particle core. At the surface, broken bonds and 

breaking of lattice symmetry, contributes to a disorder which depends on the 

surface to volume ratio [3]. 

Nano materials have considerably different properties from their bulk counterparts 

leading to new understanding of the physics involved and newer applications. 

Single domain non-interacting magnetic particles having lower nanosize 

dimensions can lead to a paramagnetic like state called superparamagnetism [4]. 

Strong interaction between the particles can lead to a ferromagnetic like behaviour 

called superferromagnetism and finally a spin glass system wherein there is a long 

range random distribution of particle moments are observed.  

Introduction of dopants into nanoparticles increases the free energy making them 

thermodynamically unstable leading to expulsion of the dopant from the 

nanoparticle lattice. Additionally, the formation of secondary phases is 

thermodynamically more stable in complex compositional nanoparticles. These 

limitations can be overcome by using solution based chemical synthesis strategies. 

These methods are kinetically driven and overcome the thermodynamic constraints 

to incorporate dopants into a crystal lattice [5].  
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The Cd-Ni-Co ferrite is considered as the one which is formed by combination of 

three important ferrites namely cobalt ferrite, nickel ferrite and cadmium ferrite. 

Cobalt ferrite is a hard magnet with a high anisotropic constant, high coercivity and 

high saturation magnetization. Nickel ferrite, on the other hand is a soft magnet 

with low coercivity and saturation magnetization [6]. The introduction of cadmium 

into the spinel lattice can increase the dielectric constant, loss tangent as well as the 

AC conductivity [7] whereas the magnetic interactions will decrease which in turn 

will lower the Curie temperature.  

With this in mind, the ferrite series having the composition Cd0.5-xNixCo0.5Fe2O4          

(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) was synthesized by combustion method. The 

oxidiser to fuel ratio was first fixed and the ferrite series was then synthesized. The 

characterization and the solid state properties of the ‘as-prepared’ and ‘sintered’ 

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0 to 0.5) ferrite with change in nickel concentration are 

reported in this chapter along with their gas sensing applications. 

 

3.2 Synthesis of Cd0.5-xNixCo0.5Fe2O4 (x = 0.0 to 0.5) by   

combustion method 

The nickel doped Cd-Co ferrites were synthesized by combustion method using 

hexamethylenetetramine as fuel. It is a low temperature synthesis technique compared 

to ceramic technique, which offers a unique mechanism via a highly exothermic redox 

reaction to produce metal oxides [8, 9]. In combustion synthesis, it is easy to control the 

stoichiometry and the crystallite size, which has an important influence on the magnetic 

properties of the ferrite. Literature review suggests that organic compounds such as 

glycine, urea, citric acid, alanine or carbohydrazide have been mixed with metal nitrates 

to make a redox mixture for the combustion synthesis. Not only the choice of fuel but 

the fuel to oxidizer ratio is also very important in combustion synthesis [10, 11]. In 

general, a good fuel should react non-violently, produce non-toxic gases and act as a 

complexant for metal ions [12]. Hexamine also called hexamethylenetetramine or 

methenamine or urotropin which is a heterocyclic organic compound widely used in 

organic synthesis, qualifies to be a good fuel as it satisfies the above mentioned points 

[13]. 
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The combustion reaction of hexamine follows the following route. 

 (CH2)6N4  + 12O2              6CO2  +  2NO  +  2NO2  +  6H2O     ΔH = -238.85 Kcal/mol 

The high exothermicity of the combustion reaction as in the present case, sometimes 

decomposes the products formed and hence it is not only the choice of fuel but also the 

fuel to oxidizer ratio, which cannot be overlooked in the combustion synthesis. 

Therefore, the first focus of our work was to fix, the fuel to oxidiser ratio, so as to get 

the single nanosize ferrite phase. 

 

3.2.1 Oxidiser to fuel ratio 

Among the various parameters influencing a combustion synthesis, the nature of the 

combusted products, ie. its morphology, size and phase, are dependent on the fuel used 

for the combustion. The redox reaction that takes place during the combustion process 

to give the nano ferrite can be represented by this representative equation 

0.2 Ni(NO3)2.6H2O  +  0.5 Co(NO3)2.6H2O  +  0.3 Cd(NO3)2.4H2O  +                              

2 Fe(NO3)3.9H2O + x(CH2)6N4 

 

Cd0.3Ni0.2Co0.5Fe2O4  +  (23.5 + x) H2O  +  6x CO2  +  (4+2x) N2  + (10-9x)O2 

During the combustion reaction the maximum temperature reached, known as the 

adiabatic combustion temperature, is highest when the fuel to oxidizer are in 

stoichiometric proportions (Φ=1) and decreases when Φ ≠1, as the temperature is used 

up to heat the excess reactants or products. This temperature called the adiabatic flame 

temperature governs the properties of the ferrite such as its crystallite size, nature of 

agglomeration, surface area and degree of inversion [14]. Thus the properties of ferrites 

can be tuned by varying the oxidiser to fuel ratio (O/F).  

 

3.2.2 Characterization of Cd0.3Ni0.2Co0.5Fe2O4 as the representative 

sample obtained from different fuel ratios 

The phase of the ferrite synthesized with the different oxidiser to fuel ratios were 

confirmed using XRD. The difractogram showed the different peaks which were 

indexed with the cubic spinel phase of the ferrites (Fig. 3.1). When the oxidiser to fuel 
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ratio were stoichiometric (Φ=1) and fuel deficient (Φ >1), pure spinel phase was 

obtained whereas for fuel excess ratios (Φ <1) a small trace of α-Fe2O3 impurity was 

seen in the diffractogram. The lattice parameter, unit cell volume, average crystallite 

size (as evaluated from Scherrer’s formula) and other parameters, with change in fuel 

ratio, are summerised in Table 3.1. 

 

Fig. 3.1 The X-ray diffractogram of Cd0.3Ni0.2Co0.5Fe2O4 for different O/F ratios. 

 

It can be seen that the average crystallite size is smaller for fuel deficient ratios and 

increases with increase in the O/F ratio [Table 3.1]. These results indicate that the 

reaction conditions like adiabatic flame temperature, moles of gases released and 

enthalpy have an influence on the crystallite size. The large volume of gases produced 

carry heat out of the system thereby hindering the particle growth. The number of moles 

of gases produced is higher when the amount of fuel exceeds the oxidizer. The adiabatic 

flame temperature also influences the particle growth, which increases with increase in 

the fuel ratio [15]. The fuel excess ratios have a higher adiabatic flame temperature than 

fuel deficient ratios due to excess fuel used. The values obtained for the different fuel 

ratios indicate that there is a competition between these two factors during the 
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combustion synthesis which will decide the average crystallite size as well as the 

presence of α-Fe2O3 impurity, which in turn can cause an expansion of the crystal lattice 

due to the formation of defects like vacancies, making the structure porous and 

increasing the crystallite size (Fig. 3.2). The lattice parameter (Fig. 3.2) on the other 

hand was found to be higher for fuel deficient ratios as compared to the fuel excess 

ratios. X-ray density follows the reverse trend as that of lattice parameter [Table 3.1]. 

 

Table 3.1 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), 

Fuel ratio, X-ray density (dx) and Bulk density (dm) of Cd0.3Ni0.2Co0.5Fe2O4 for different 

O/F ratios. 

Sample 
Fuel 

Ratio 

a              

(Å) 

D               

(nm) 

V        

(Å3) 

dx          

(g/cm3) 

dm         

(g/cm3) 

M6 1:0.12 8.449 5.35 603 5.518 3.403 

M5 1:0.17 8.445 6.60 602 5.527 3.216 

M4 1:0.22 8.454 6.64 604 5.510 3.140 

M3 1:0.27 8.427 9.40 598 5.564 3.042 

M2 1:0.32 8.397 8.23 592 5.623 3.212 

M1 1:0.37 8.388 16.50 590 5.640 3.169 

M7 1:0.42 8.389 15.44 590 5.638 3.536 

M8 1:0.47 8.371 18.68 586 5.674 3.226 

M9 1:0.52 8.380 27.30 588 5.656 3.235 

M10 1:0.57 8.378 20.62 588 5.661 3.227 

M11 1:0.62 8.376 21.44 587 5.663 3.183 
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Fig. 3.2 Variation of average crystallite size (D) and lattice parameter (a) of 

Cd0.3Ni0.2Co0.5Fe2O4 for different O/F ratios. 

 

To further confirm the formation of the spinel phase of Cd0.3Ni0.2Co0.5Fe2O4, Infrared 

analysis was carried out for the different fuel ratios (Fig. 3.3). The Infrared spectrum 

was recorded in the range 350-4000 cm-1. Two major peaks were observed in region 

from 1000-350 cm-1 corresponding to the stretching of the metal oxygen bond at the 

tetrahedral and octahedral sites [16]. The metal oxygen tetrahedral stretching was 

observed at around 600 cm-1, with the band shifting to a higher wave number with 

increase in the fuel ratio. The octahedral stretching was observed around 400 cm-1, this 

band also showed a blue shift as the fuel ratio was increased. 

Fig. 3.3 Infrared spectra of Cd0.3Ni0.2Co0.5Fe2O4 obtained from different O/F ratios. 
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3.2.3 Solid state properties of Cd0.3Ni0.2Co0.5Fe2O4 obtained from 

different fuel ratios 

The DC magnetization curves of the ferrite were recorded at room temperature. All the 

ferrites showed soft magnetic behaviour (Fig. 3.4) with S-shaped loops. The variation of 

saturation magetization, coercivity and remanent magnetization values with O/F ratios 

are given in Table 3.2. The saturation magnetization of the ferrites are lower for the 

ferrite synthesized with fuel deficient ratios and are higher when fuel excess ratios were 

used. The low saturation magnetization values of fuel defficient ratios could be due to 

the low crystallanity of the samples. Due to the different adiabatic temperatures for the 

different fuel ratios, the cation distribution could also be different [17]. This could be 

another plausible explanation for the increase in saturation magnetization with excess 

fuel ratio. The coercivity also increased with increase in the fuel ratio (Fig. 3.5), this 

trend could be related to the increase in crystallite size with increase in O/F ratios [18]. 

 

Table 3.2 Magnetization data, M-O stretching frequencies and Curie temperature of 

Cd0.3Ni0.2Co0.5Fe2O4 as a function of different fuel ratios at room temperature (RT). 

Code Ms (emu/g) Hc (Oe) Mr (emu/g) γ1 (cm-1) γ2 (cm-1) Tc (K) 

M6 41.09 78 2.83 581 396 604 

M5 46.20 153 5.47 579 397 644 

M4 43.09 100 2.47 581 396 593 

M3 51.17 302 9.17 584 398 803 

M2 49.49 679 13.71 594 405 820 

M1 54.12 1000 19.51 597 404 842 

M7 55.30 1025 18.44 594 404 848 

M8 63.46 1790 26.58 602 406 843 

M9 58.96 1605 26.60 594 405 853 

M10 57.23 1243 22.30 592 407 840 

M11 58.79 1397 25.07 601 408 841 
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Fig. 3.4 Hysteresis loops of Cd0.3Ni0.2Co0.5Fe2O4 obtained from different fuel ratios. 

 

Fig. 3.5 Variation of saturation magnetization and coercivity of Cd0.3Ni0.2Co0.5Fe2O4 

obtained from different O/F ratios. 

 

The AC susceptibility of the ferrite samples as a function of temperature is shown in 

Fig. 3.6. The curves indicate single domain behaviour for the different samples with 

increase in susceptibility up to the blocking temperature and a sudden fall at the Curie 

temperature. The Curie temperatures of Cd0.3Ni0.2Co0.5Fe2O4 for different fuel ratios are 

presented in Table 3.2. The samples synthesized using fuel deficient ratios have a lower 
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Curie temperature than those synthesized with higher fuel ratios. This could again be 

due to the distribution of the different cations in the tetrahedral and octahedral sites. 

This influences the magnetic interactions between the metal cations at the tetrahedral 

and octahedral sites. 

 

Fig. 3.6 AC susceptibility of Cd0.3Ni0.2Co0.5Fe2O4 obtained from different fuel ratios. 

 

The dielectric properties of the ferrites synthesized with different fuel ratios was studied 

as a function of temperature and is found to depend on parameters such as synthesis 

method, crystallite size, cation distribution, etc. The variation of dielectric constant as a 

function of frequency in the range of 20Hz to 10MHz is shown in Fig. 3.7. The 

dielectric constant decreases with increase in frequency, at low frequencies the decrease 

is fast and the frquency dependence becomes slower with increase in frequency. At 

higher frequencies above 10KHz the depencence on frequency is independent. This is 

the normal trend in dielectric constant of ferrite materials with frequency [19]. There 

was no apparent trend in dielectric constant with change in O/F ratios. 

The variation of loss tangent (tanδ) with frequency for the different fuel ratio is shown 

in Fig. 3.8. The curves increases, reaches a maximum and then decreases with further 

increase in frequency. The maximum value in the curve is the relaxation peak which 

correspond to the contribution of both n-type and p-type charge carriers [17]. The 

hopping of electrons in the octahedral site between Fe2+ and Fe3+ is responsible for the 

n-type conduction and the hopping of positive holes between Co2+ and Co3+ is 
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responsible for the p-type conduction. When this hopping frequency matches the 

external frequency the relaxation peaks are observed. At higher frequencies the hopping 

frequency cannot follow the external field and hence tanδ decreases with further 

increase in frequency [20]. 

 

Fig. 3.7 Dielectric constant of                                Fig. 3.8 Dielectric loss tangent of 

Cd0.3Ni0.2Co0.5Fe2O4 obtained from different fuel ratios. 

 

From the data obtained from characterization and solid state properties of 

Cd0.3Ni0.2Co0.5Fe2O4 synthesized by using  different fuel ratio, the fuel to oxidiser ratio 

of 1:0.22 was selected to synthesize the ferrite series with composition                    

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5), using hexamine as fuel. 
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3.3 Characterization of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4          

(x = 0.0-0.5) 

The ferrite series of nickel doped cadmium cobalt ferrite Cd0.5-xNixCo0.5Fe2O4                 

(x = 0.0,0.1, 0.2, 0.3, 0.4, 0.5) was synthesized by combustion method using hexamine 

as a fuel and calcined at 500oC for 5 hrs. This ferrite was called as the ‘as-prepared’ 

ferrite. The ‘as-prepared’ ferrites were first chemically analysed to fix the stoichiometry 

and then characterized by powder X-ray difraction and Infrared spectroscopy to confirm 

the formation of the spinel phase. Transmission electron microscopy images of the 

ferrite samples were recorded to study the size and morphology of the particles. The 

characterization of the ‘as-prepared’ ferrites is discussed in the following section. 

 

3.3.1 Chemical composition 

The stoichiometry of all the ferrites was confirmed by ICP-AES analysis [Table 3.3]. 

The obtained experimental percentages match closely with the calculated ones for each 

of the metals confirming the formation of stoichiometric Cd0.5-xNixCo0.5Fe2O4 (x =0.0-

0.5). 

 

Table 3.3 Metal percentages as obtained from ICP-AES analysis of ‘as-prepared’                      

Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5). In the bracket are calculated ones. 

Ni Concentration 

(X) 

Cd (%) Co (%) Fe (%) Ni (%) 

0.0 21.6 (21.5) 11.2 (11.2) 43.03 (42.7) ----- 

0.1 17.6 (17.5) 11.4 (11.5) 43.1 (43.6) 2.3 (2.3) 

0.2 13.3 (13.4) 11.6 (11.7) 44.7 (44.6) 4.5 (4.7) 

0.3 9.05 (9.2) 12.2 (12.0) 45.8 (45.5) 6.9 (7.2) 

0.4 4.8 (4.6) 12.7 (12.2) 46.5 (46.5) 9.8 (9.8) 

0.5 ----- 12.8 (12.8) 47.8 (47.6) 12.8 (12.6) 
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3.3.2 Structural characterization  

X-ray diffraction analysis (XRD) was performed to determine the crystallinity, purity 

and average crystallite size of the ferrite nanoparticles. The XRD pattern of Cd0.5-

xNixCo0.5Fe2O4 (x = 0.0 to 0.5) ferrites are shown in Fig. 3.9.  The diffraction peaks 

corresponding to (220), (311), (222), (400), (422), (511), (440) and (533) planes, 

confirms the cubic spinel structure while the broadening of the diffraction peaks 

indicate that the ferrites are of nano size. The samples with x= 0.0, 0.1 and 0.2 showed a 

small trace of α-Fe2O3 and CdO phases as impurity. The values of lattice constant, 

average crystallite size, unit cell volume, X-ray density, bulk density, porosity, 

tetrahedral hopping length and octahedral hopping length are given in Table 3.4. As can 

be seen from Table 3.4 as well as Fig. 3.10, the lattice parameter decreased with 

increase in nickel concentration, which is in accordance with Vegard’s law [21]. The 

decrease is because of replacement of larger Cd2+ cations (ionic radius 0.95Å) with 

smaller Ni2+ cation (ionic radius 0.69Å) in the ferrite. A similar observation is also 

reported by Sathishkumar et al. [22]. However, in our series the presence of trace 

amounts of α-Fe2O3 impurity causes little deviation in the linear trend in the lattice 

parameter of the samples with x =0.0, 0.1 and 0.2. Decrease in lattice parameter will 

lead to a decrease in the d-spacing between the diffraction planes. The d values are 

inversely related to the diffraction angle in accordance with Bragg’s law. Hence there is 

a shift in the position of the diffraction peaks to a higher 2θ value with increase in 

nickel content. The average crystallite size (D) of the ferrites was found to be in the 

range of 6-13 nm [Table 3.4]. The lattice parameter obtained for Ni0.5Co0.5Fe2O4 

matches with the values reported in literature [23,24] while the value obtained for 

Cd0.5Co0.5Fe2O4 [25,26] is higher than the reported values for sintered ones. The lattice 

parameters of the other compositions are closely comparable to reported values [22]. 

The unit cell volume follows the same trend as that of lattice parameter.  

The X-ray density decreases as nickel content increases from x= 0.1 to 0.5 (Fig. 3.10) 

due to decrease in unit cell volume [Table 3.4]. The bulk density on the other hand 

increases with cadmium content up to 0.3 and then decreases. Porosity however does 

not show any trend. The tetrahedral and octahedral hoping lengths shows decrease as 

lattice parameter decreases, as expected. 
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Fig. 3.9 X-ray diffraction patterns of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5). 

 

Fig. 3.10 Variation of Lattice parameter and X-ray density with Ni concentration of ‘as 

prepared’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0- 0.5). 
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Table 3.4 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), X-

ray density (dx), Bulk density (dm), Porosity (P), Tetrahedral hopping length (LA) and 

Octahedral hopping length (LB) of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) 

ferrite. 

Ni 

concentration 

(x) 

a 

 (Å) 

D 

(nm) 

V  

(Å3) 

dx  

(g/cm3) 

dm  

(g/cm3) 

P  

(%) 

LA 

(Å)  

LB 

(Å) 

0.0 8.56 7.27 627 5.53 2.85 48.40 3.70 3.10 

0.1 8.48 7.55 610 5.57 3.13 43.74 3.68 2.99 

0.2 8.42 6.03 597 5.57 3.33 40.27 3.65 2.98 

0.3 8.39 11.75 591 5.50 3.04 44.81 3.64 2.97 

0.4 8.37 12.89 587 5.43 3.00 44.66 3.63 2.96 

0.5 8.34 12.30 580 5.37 2.94 54.86 3.61 2.95 

 

 3.3.3 Infrared analysis 

The Infrared absorption spectra of Cd0.5-xNixCo0.5Fe2O4 (x=0.0 - 0.5) ferrites are 

presented in Fig. 3.11. The Infrared spectrum is of great importance as it is sensitive to 

the short range environment of the oxygen co-ordination around the cations in both the 

tetrahedral and octahedral clusters of the ferrite. The figure shows two major absorption 

bands in the frequency range 375-800 cm-1. These bands are common characteristics of 

spinel ferrites [27, 28]. The higher frequency absorption band (γ1) is caused by the 

stretching vibrations of the tetrahedral metal-oxygen bond and the lower frequency 

absorption band (γ2) is caused by the metal-oxygen vibration in octahedral sites. The γ1 

band shows a shift to higher wavenumber with decrease in Cadmium concentration 

[Table 3.5]. Similar trend is also observed by Gabal et al. [25] in cadmium doped cobalt 

ferrite series. The cadmium ions prefer to occupy the tetrahedral (A) sites because of its 

ability to form covalent bonds involving sp3 hybrid orbital [29, 30]. The decrease in 

cadmium content on the A-sites results in decrease in the site radius and hence an 

increase in the fundamental frequency. The γ2 band however does not change 

significantly with increase in nickel concentration as Ni2+ ions preferably enter 
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octahedral sites. The presence of Fe2+ ions causes local deformation in the spinel lattice, 

which has been attributed to Jahn-Teller effect, which results in a shoulder or splitting 

in the absorption bands [31]. The γ2 band shows splitting for Cd0.1Ni0.4Co0.5Fe2O4 and 

Ni0.5Co0.5Fe2O4 compositions, indicating an excess of Fe2+ ions in the B-sites in these 

samples. 

 

Fig. 3.11 Infrared spectrum of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5). 

 

Table 3.5 Infrared absorption bands for different nickel concentrations in ‘as-                

prepared’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5). 

X 0.0 0.1 0.2 0.3 0.4 0.5 

γ1 (cm-1) 575 581 584 591 593 602 

γ2 (cm-1) 412 411 408 406 410 408 

 

3.3.4 Microstructure 

The TEM images of the ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0 to 0.5) ferrites are 

shown in Fig. 3.12(a-f). From the images it can be seen that the samples with higher 

cadmium content have larger size particles which shows decrease with increase in 

nickel concentration, this could be due to the melting of cadmium causing the particles 

to fuse together to give larger agglomerates while the sample with higher nickel 
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concentration results in more discrete particles. The average particle size was found to 

be in the range of 20-30 nm however the highest grain size value of around 80 nm found 

in Cd0.5Co0.5Fe2O4 decreased to around 20 nm in Ni0.5Co0.5Fe2O4.  Also the uniformity 

in grain size increased as nickel content in the ferrite increased. The diffraction ring 

pattern shown in Fig. 3.12(a1-f1) confirms the crystallite nature of all the ‘as-prepared’ 

ferrite and can be indexed to the cubic spinel peaks.  

 

 

Fig. 3.12 TEM micrographs of ‘as-prepared’ a) Cd0.5Co0.5Fe2O4,b) Cd0.4Ni0.1Co0.5Fe2O4, 

c) Cd0.3Ni0.2Co0.5Fe2O4, d) Cd0.2Ni0.3Co0.5Fe2O4, e) Cd0.1Ni0.4Co0.5Fe2O4 and                     

f) Ni0.5Co0.5Fe2O4. 

Electron diffraction pattern of ‘as-prepared’ a1) Cd0.5Co0.5Fe2O4,                                      

b1) Cd0.4Ni0.1Co0.5Fe2O4, c1) Cd0.3Ni0.2Co0.5Fe2O4, d1) Cd0.2Ni0.3Co0.5Fe2O4,                 

e1) Cd0.1Ni0.4Co0.5Fe2O4 and f1) Ni0.5Co0.5Fe2O4. 
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3.4 Solid state properties of ‘as-prepared’                                

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5)  

The dielectric, magnetic and electrical properties of the ‘as-prepared’                                  

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) were studied and the data is interpreted and presented 

in this section. 

 

3.4.1 Magnetic properties 

The plots of magnetization (M) as a function of applied field (H) at room temperature 

(Fig. 3.13) and at 50K (Fig. 3.14) over the field range of -3 to 3 Tesla were obtained for 

‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4 and 0.5). The saturation 

magnetization (Ms), Coercivity (Hc) and remanant magnetization (Mr) values at room 

temperature and at 50K are given in Table 3.6. Low temperature hysteresis loops were 

measured after zero field cooling, wherein samples showed ferromagnetic behaviour 

with an open hysteresis loop at 50K. The Coercivity (Hc) increases [Table 3.6] 

substantially at lower temperatures which show the increase of the effective anisotropy 

with decreasing temperature because the content of Co2+ ions on the octahedral sites 

increases with decreasing temperature [32]. The saturation magnetization values (Ms) at 

50K are higher than the room temperature values [Table 3.6] due to decrease in the 

thermal fluctuation effects on the magnetic ions at low temperature. The high field 

irreversibility and non-saturation behaviour of magnetization observed in the hysteresis 

loops at lower temperature indicate the existence of ordered core spins and canted or 

disordered surface spins due to broken symmetry for antiferromagnetic interactions. 

These surface spins are not aligned even by high applied fields due to strong coupling or 

pining between the disordered surface spins and ordered core spins. Similar behaviour 

in ferrites is reported in literature [33-35].  

The reduced remanent magnetization (Mr/Ms) values at room temperature are lower 

than 0.5 and are more in agreement with Uniaxial anisotropy rather than Cubic 

anisotropy according to the Stoner-Wohlfarth model [32]. As per this model, the 

anisotropy constant for uniaxial anisotropy for a system of non-interacting particles is 

given by the relation Hc= 0.64 K/Ms, where Hc, K and Ms are the coercivity, 

anisotropic constant and saturation magnetization, respectively. The reduced remanent 
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magnetization values were found to increase with nickel concentration due to increase 

in the magnetic anisotropy which increases with nickel concentration (Fig. 3.15).  

 

Fig. 3.13 The magnetic hysteresis loops of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4          

(x=0.0-0.5) at room temperature. 

 

The Hc is found to decrease overall with increase in cadmium content while the Ms 

values increase with cadmium content up to Cd0.2Ni0.3Co0.5Fe2O4 and then decrease with 

further increase in cadmium concentration with the exception of Cd0.4Ni0.1Co0.5Fe2O4. It 

is a known fact that Cd2+ ions prefer to occupy the A-sites and introduction of Cd2+ ions 

in the system pushes Fe3+ ions from the A-site to the B-site. This causes an increase in 

magnetization in accordance with Neel’s two lattice model [36]. According to Neel’s 

two lattice model, the magnetic ions on the A and B sites are aligned antiparallel to each 

other and their spins have a collinear structure. While the magnetic moment on the A 

site decreases due to increase in nonmagnetic Cd2+ ions in the A-sites, the magnetic 

moment of the B site increases due to increase in Fe3+ ions in the B sites.  Therefore, the 

net magnetization (MB-MA) increases. But for the samples with cadmium content 

greater than 0.3, the magnetization of the A-sublattice is so dilute that the A-B 
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interactions are too weak and the B-B sublattice interactions dominate. This disturbs the 

parallel arrangement of spins on the B-sites and hence canting of the spins takes place. 

The B sublattice splits into B1 and B2 sublattices giving rise to Yafet-Kittel (Y-K) 

angles due to which saturation magnetization decreases [32,33]. The Neel's two 

sublattice model is unable to explain the decrease of magnetization however, as 

proposed by Yafet and Kittel [37], the decrease in magnetization can be treated 

theoretically by triangular arrangement of spins. The Y–K angles in the present study 

are found to increase with the increase of cadmium content [Table 3.6]. This explains 

the decrease in saturation magnetization for the samples having cadmium concentration 

greater than x = 0.2 (Fig. 3.15) with the exception of Cd0.4Ni0.1Co0.5Fe2O4. Similar 

observations are reported in cadmium and zinc doped ferrites [32, 33, 37 and 38]. The 

saturation magnetization (44.39 emu/g) and coercivity (657) values obtained for 

Ni0.5Co0.5Fe2O4 in the present study are found to be higher than those reported in the 

literature [39-41] while those obtained for Cd0.5Co0.5Fe2O4 are lower than those reported 

[37]. 

 

Fig. 3.14 The magnetic hysteresis loops of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4         

(x=0.0-0.5) at 50K. 
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Table 3.6 Magnetization data of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0- 0.5) as a 

function of Ni concentration at room temperature and at 50 K. 

 

 

Fig. 3.15 Composition dependence of Saturation magnetization (Ms) and magnetic 

anisotropy constant (K) of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) at room 

temperature. 

Temperature 310K 50K 

Ni  

Conc. 

 (x) 

Ms  

(emu/g) 

Hc 

(Oe) 

Mr  

(emu/g) 

Mr/

Ms 

Y-K 

angle 

(O) 

Ms  

(emu/g) 

Hc 

(Oe) 

Mr  

(emu/g ) 

Mr/

Ms 

0.0 33.79 440 6.66 0.19 57.04 55.94 1725 21.98 0.39 

0.1 47.22 300 8.24 0.17 42.45 70.24 2015 32.48 0.46 

0.2 46.08 326 8.98 0.20 31.08 56.60 2153 29.79 0.52 

0.3 51.31 366 11.68 0.22 -- 63.04 3377 37.35 0.59 

0.4 44.67 408 9.92 0.22 -- 50.37 5399 31.86 0.62 

0.5 44.39 657 13.30 0.29 -- 47.38 6765 31.47 0.66 



101 
 

 

Fig. 3.16 The magnetic hysteresis loops of ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4      

(x=0.0-0.5) at 50K after field cooling. 

 

Table 3.7 Magnetization data at 50 K after field cooling, Curie temperature (TC) and 

blocking temperature (TB) of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) as a 

function of Ni concentration. 

 

 50K (FC)   

Ni 

concentration 

 (x) 

Ms  

(emu/g ) 

Hc 

 (Oe) 

Mr  

(emu/g) 

E.B  

(Oe) 

Tc 

 (K) 

TB  

(K) 

0.0  44.86 1607 18.03 -75 581 165 

0.1 76.51 2555 36.29 -03 620 213 

0.2 62.14 2493 33.01 -102 657 254 

0.3 62.07 3570 36.73 -04 683 330 

0.4 50.76 5283 32.36 -101 829 375 

0.5 49.65 6885 34.25 -04 839 >400 
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The effect of surface anisotropy on the magnetic properties was further studied by 

investigating the hysteresis behaviour in more detail. The MH loops of the ‘as-prepared’ 

samples were also recorded at 50K after the samples were field cooled from room 

temperature to 50K in an applied field of 3 Tesla (Fig. 3.16). A shift in the loop 

(Exchanged bias field) along the field axis was observed for all the ferrite samples 

except for Cd0.4Ni0.1Co0.5Fe2O4, where the loop is symmetric with respect to the origin. 

This can be attributes to magnetically disordered surface spins coupled with ordered 

ferromagnetic core.  

The Fig. 3.17 shows the zero field cooled (ZFC) and field cooled (FC) curves of ‘as-

prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) nanoparticles measured in the temperature 

range of 50K to 400K under an applied field of 250 Oe, 500 Oe and 1000 Oe.  For ZFC 

measurement, the ferrite nanoparticles were cooled to 50K without any external 

magnetic field and then the magnetization (MZFC) was recorded during warming up to 

400K under an applied field. For the FC measurement the ferrite nanoparticles were 

cooled down again in an applied field and then the magnetization (MFC) was recorded 

during warming up to 400K under the same applied field.  

As can be seen from the plots (Fig. 3.17), as the temperature increases during the ZFC 

measurement, initially the MZFC increases with increase in temperature, then exhibits a 

broad maximum at specific critical temperature called the blocking temperature (TB) 

[Table 3.7] and finally decreases with further increase in temperature. The broad peaks 

observed in samples indicate a wide distribution of particle sizes and dipole-dipole 

interactions at the nano domain state [42-44]. It has been known that such maxima in 

ZFC studies is the product of two effects, the first causing an increase in MZFC by 

individual magnetic domains having enough thermal energy to go for the new alignment 

at lower energy with the applied field and the second effect due to the thermal energy 

overcoming of magnetic domains with the field, thus randomizing the magnetic 

anisotropy and hence lowering the MZFC value [43]. Below TB, in absence of magnetic 

field, when the ferrite nanoparticles were cooled, all net magnetic moments within each 

particle domain aligns along the magnetic easy axis, however the magnetic anisotropic 

energy restricts the orientation along the easy axis of magnetization. Thus, a wide 

particle size distribution results in random orientation of nanoparticles along the easy 

axis thereby exhibiting low value of MZFC at 50K [42]. But, as the temperature 

increases, the thermal energy overcomes the magnetic anisotropy within the smaller 
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particle, thereby aligning the magnetic direction of these thermally activated 

nanoparticles, with the field direction, resulting in increasing in MZFC till temperature 

reaches TB. At TB, the magnetic anisotropy in all the different sized particles is 

overcome by the thermal energy resulting in alignment of nanoparticles in the direction 

of field thereby giving high MZFC values. Above TB, in the unblocked region, however 

magnetization decreases monotonically (except in few high nickel samples) with 

increase in temperature. The magnetization in the FC measurement decreases with 

increasing temperature, as expected for an assembly of magnetic mono-domain particles 

[42,43].  The FC curves goes to saturation at low temperatures, indicating the presence 

of long range magnetic interparticle interactions that leads to a magnetic ordered state 

with high anisotropy [34,35]. The FC magnetization curves increases more quickly for 

the samples with higher cadmium concentration as the temperature decreases. This 

results show that there are weak interparticle interactions in the nanoparticles due to 

disordered surface layer [33]. 

The ZFC and the FC measurements of all the nanoparticles show an irreversible 

magnetic behaviour below the temperature called the irreversibility (Tirr) temperature. 

Tirr is defined as the temperature at which the ZFC and the FC curves split [43] and is 

related to the blocking temperature of the largest particles. Since the ZFC and FC curves 

do not meet even at 400K, it indicates a non-negligible fraction of the nanoparticles that 

are still in magnetic blocked state at this temperature. The most likely explanation for 

such behaviour is connected with the large mean size of the nanoparticles and the 

presence of interparticle interactions. The blocking temperature TB, decreases with 

increase in the applied external field and increases with increase in nickel concentration. 

For the samples with x = 0.3, 0.4 and 0.5 the blocking temperature lies above 400K 

(@250 Oe). The separation between the MFC and the MZFC curves increases with nickel 

concentration. This is due to increase in anisotropy, as a result of which a higher energy 

is required to flip the spins to align with the external field. This can also be seen in the 

temperature independent behaviour of the MFC curves over the entire temperature range 

for the samples with x=0.3, 0.4 and 0.5. Due to high anisotropy, the magnetic spins 

cannot flip so easily and align with the applied field [33]. 
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Fig. 3.17 Zero field cooled and field cooled curves of ‘as-prepared’                         

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5). 
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3.4.2 AC susceptibility studies 

The temperature dependence of normalized susceptibility of the ‘as-prepared’                          

Cd0.5-xNixCo0.5Fe2O4 (x=0.0 to 0.5) ferrites is shown in Fig. 3.18. The ferrite with x = 

0.3 to 0.5 show typical single domain ferromagnetic type of domain structure which 

changes to superparamagnetic at x ≤ 0.2 before undergoing paramagnetic transition at 

Curie temperature (Tc) in all samples. A small hump in Cd0.1Ni0.4Co0.5Fe2O4 just before 

Tc may be due to some transition which relatively increases the Tc value of that sample. 

The peaking behaviour followed by display of broad transition with tailing effect near 

the Curie temperature can be attributed to the inhomogeneity in the particle size [41]. It 

has been observed that the peak in the curves shifts to higher temperature with increase 

in the nickel concentration. The maximum value of susceptibility is in confirmation 

with the saturation magnetization data for the Cd0.2Ni0.3Co0.5Fe2O4 ferrite. The Tc value 

increases with increase in the nickel concentration in the ferrite series. It has been 

observed from the XRD data [Table 3.4] that the average crystallite size increases with 

increase in the nickel concentration along with TC [Table 3.7]. It has been reported [44] 

that Curie temperature also depends on the interaction between the magnetic ions in the 

different lattice sites in the crystal structure ie. the distribution of cations in the 

tetrahedral and octahedral sites. Since nickel is introduced in the system for non-

magnetic cadmium, the magnetic interactions are bound to increase which explains the 

increase in Tc [Table 3.7]. 

 

Fig. 3.18 Plot of normalized susceptibility v/s temperature of ‘as-prepared’                              

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5). 
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3.4.3 Dielectric properties 

The variation of dielectric constant of the Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) ferrite series 

as a function of frequency and temperature were studied. The ferrite samples were first 

made into pellets by applying a pressure of 5 tones/inch for 5 min. These pellets were 

then used to study the dielectric properties. 

 

3.4.3.a Dielectric properties as a function of frequency 

The variation of dielectric constant (ε’) as a function of frequency at room temperature 

for ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) ferrites in the frequency range 20 Hz-

10 MHz is shown in Fig. 3.19a. It can be seen from the figure that at low frequencies 

the values of dielectric constant are high and decrease rapidly with increase in 

frequency and attains a constant value which is the general trend for all ferrite samples. 

This is due to the fact that the dielectric material exhibits induced electric moment 

under the influence of external electric field. At higher frequency, the polarization of the 

induced moments cannot synchronize with frequency of applied electric field, as a 

result, the dielectric constant attains a constant value above certain high frequencies. As 

explained by Koop [45], the ferrite samples have heterogeneous structure containing 

well conducting grains separated by highly resistive thin grain boundaries, which causes 

localized accumulation of charge under the applied electric field, building up space 

charge polarization. When the frequency of the applied AC electric field is much 

smaller than the jumping frequency of electrons between adjacent Fe2+ and Fe3+ ions at 

the octahedral sites, the electrons follow the field. This is attributed to high dielectric 

constant at low frequency. The decrease in dielectric constant with frequency is due to 

the inability of the electronic charge carriers to follow the applied field beyond a certain 

frequency [46], this reduces the accumulation at the grain boundaries and hence 

polarization decreases. The ferrite samples Co0.5Ni0.5Fe2O4 and Cd0.1Ni0.4Co0.5Fe2O4 

showed higher value of dielectric constant, which can be explained on the basis of 

available ferrous ions on the B sites as confirmed by Infrared spectroscopy. The 

increase in Fe2+ ions on the B-site increases the hopping rate between Fe3+ and Fe2+. 

The ferrite sample Cd0.3Ni0.2Co0.5Fe2O4 showed the lowest value of dielectric constant. 

This trend can also be explained based on grain size, smaller the grain size greater will 

be the presence of grain boundaries. The grain boundaries cause scattering of the 
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hopping electron which reduces the conductivity thereby reducing the dielectric 

constant [47].  

The variation of dielectric loss tangent (tan δ) as a function of frequency for all the 

samples in the present system is shown in Fig. 3.19b. It can be observed from the figure 

that tan δ decreases continuously with increasing frequency and attains constant value at 

higher frequencies with the samples X= 0.4 and 0.5 exhibiting relaxation peaks. The 

variation of dielectric constant and loss tangent with frequency reveals the dispersion 

due to Maxwell-Wagner [48] type interfacial polarization in agreement with Koop’s 

phenomenological theory [49] or the inhomogeneous double layer dielectric structure. 

Rezlescu [50] and Iwauchi [51] having established a strong correlation between 

conduction mechanism and the dielectric behaviour of ferrites and have concluded that 

the electronic exchange between Fe3+↔ Fe2+ results in the local charge displacement, 

which is responsible for polarization in ferrites. The magnitude of exchange depends 

upon the concentration of Fe2+ and Fe3+ ions on octahedral sites [52].  When the 

hopping frequency is nearly equal to that of external applied electric field a maximum 

of loss tangent may be observed. As such it is possible that in the case of 

Cd0.1Ni0.4Co0.5Fe2O4 and Ni0.5Co0.5Fe2O4, the hoping frequencies are of the approximate 

magnitude to observe a loss maximum at 70 and 50 Hz, respectively. 

     

Fig. 3.19 Frequency variation of a) Dielectric constant (ε’) and b) Loss tangent (tan δ) 

of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) at room temperature. 
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3.4.3.b Dielectric properties as a function of temperature 

The variation of Dielectric constant as a function of temperature at different frequencies 

is shown in Fig. 3.20. The curves show two major regions, a low temperature region 

where the dielectric constant is independent of temperature and a higher temperature 

region where the dielectric constant increases remarkably with temperature. At higher 

temperatures, the charge carriers will have excess thermal energy which increases their 

mobility which in turn will cause them to orient in the easy direction of the applied AC 

field more easily thereby increasing their contribution to space charge polarization and 

thus increasing the dielectric constant. This increase is much more rapid at low 

frequencies as compared to higher frequencies. Dielectric constant in ferrites is due to 

four types of polarization: interfacial, dipolar, ionic and electronic polarization [53]. At 

lower frequencies the greater increase in dielectric constant is due to contribution from 

interfacial and dipolar polarizations, which are highly temperature dependent [54]. This 

causes the rapid increase in dielectric constant at lower frequencies. Ionic and electronic 

polarizations are more significant at higher frequencies and do not change much with 

temperature [52], as a result the dielectric constant does not increase much at higher 

frequencies. 

Fig. 3.21 shows the temperature variation of dielectric loss tangent at different 

frequencies. Like dielectric constant, the temperature variation of loss tangent also 

shows higher values at lower frequencies due to poorly conducting grain boundaries. 

The higher resistivity of the grain boundaries means that the electrons require higher 

energy to move and hence the loss is higher [55]. But at higher frequencies, due to the 

conducting nature of the grains, the dielectric loss is minimum. The increase in tan 𝛿 

beyond 500K is due to increase in thermally activated charge carrier mobility which 

increases the conductivity by hopping conduction mechanism which in turn increases 

dielectric polarization causing a marked increase in tan δ, as temperature increases.  

 

3.4.3.c Dielectric properties as a function of Ni concentration 

The variation of dielectric constant with nickel concentration depends on the number of 

Fe3+/Fe2+, Ni3+/Ni2+ and Cd3+/Cd2+ ions at the octahedral sites. The mechanism of 

polarization is similar to the conduction mechanism which involves the hopping of 

electrons and holes between the same ions in different oxidation states in the octahedral 
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sites. The ferrite sample Co0.5Ni0.5Fe2O4 and Cd0.1Ni0.4Co0.5Fe2O4 showed higher value 

of dielectric constant, this can be explained on the basis of available ferrous ions on the 

B sites as confirmed by Infrared spectroscopy. The increase in Fe2+ ions on the B-site 

increases the hopping rate between Fe3+ and Fe2+. The ferrite sample 

Cd0.3Ni0.2Co0.5Fe2O4 showed relatively lower value of dielectric constant. This trend can 

also be explained based on particle size; smaller the grain size greater will be the grain 

boundaries present. The grain boundaries cause scattering of the hopping electron which 

reduces the conductivity thereby reducing the dielectric constant [34]. The ferrite 

sample Cd0.3Ni0.2Co0.5Fe2O4 has the smallest size [Table 3.4] and hence shows relatively 

lower dielectric constant while Co0.5Ni0.5Fe2O4 and Cd0.1Ni0.4Co0.5Fe2O4 having larger 

sizes shows larger value of dielectric constant.  

 

Fig. 3.20 Temperature variation of dielectric constant of ‘as prepared’                       

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) at different frequencies. 
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Fig. 3.21 Temperature variation of loss tangent of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 

(x=0.0-0.5) at different frequencies. 

  

3.4.4 Electrical resistivity 

The variation of resistivity as a function of temperature of the ‘as-prepared’                      

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5) ferrites in the temperature range of 300 to 800K is 

shown in Fig. 3.22, as a plot of log ρ versus 1000/T (K-1). The decreasing trend of the 

curve with increase in temperature points to the semiconductor nature of the ferrites. 

The resistivity plot of ferrites is known to have three regions, a low temperature 

impurity region, followed by a region where the hopping of polarons causes the 

decrease in resistivity and the final region of magnetic disorder [56]. In the second 
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region, the hopping of polarons between ions in different oxidation states present on the 

crystallographically equivalent lattice site, are responsible for the decrease in resistivity. 

The M-M distance on the octahedral sites is much less than the distance between metal 

ions on the octahedral and tetrahedral sites, so hopping of charge carriers between metal 

ions at the octahedral site has a larger probability. At the octahedral site Fe3+ and Ni2+ 

ions are present. The electron hopping between Fe3+/Fe2+ and the hole hopping between 

Ni2+/Ni3+ can contribute to the overall electrical conduction. However, the mobility of 

electrons is far greater than the mobility of holes and hence electron hopping plays a 

more dominant role in the electrical conduction. As the temperature increases the 

number of charge carriers remain the same but the mobility of the charge carriers 

increases which explains the decrease in the resistivity [57].  

 

Fig. 3.22 Temperature variation of logarithm of resistivity of ‘as-prepared’                          

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5). 

 

In the present study, as the nickel concentration increases, the conductivity decreases. 

The lowest resistivity was obtained by Cd0.5Co0.5Fe2O4 while Ni0.5Co0.5Fe2O4 showed 

the highest resistivity. The introduction of nickel into the Co-Cd ferrite causes Fe3+ 

present on the octahedral site to migrate to the tetrahedral site replacing the departing 

Cd2+ ions. This reduces the number of Fe3+ ions at the octahedral site thereby reducing 

the electron hopping as a result of which the resistivity increases (or conductivity 

decreases).  
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The curves also show a break in the plot denoting the end of the second region and the 

start of the third region of conduction. The break occurs at the Curie temperature of the 

sample which corresponds to the change from an ordered ferromagnetic state to a 

disordered paramagnetic state [58]. The activation energies for the paramagnetic (Ep) 

and ferromagnetic (Ef) regions were calculated and are presented in Table 3.8. The 

activation energies for the paramagnetic region are found to be higher than that 

observed in the ordered ferromagnetic region. This is due to the ordering in the 

ferromagnetic region that will require lesser amount of energy for electron hopping. 

 

Table 3.8 Activation energies from the DC resistivity plots of ‘as-prepared’                 

Cd0.5-xNixCo0.5Fe2O4 (x=0.0-0.5). 

Ni concentration 

(x) 

0.0 0.1 0.2 0.3 0.4 0.5 

Ep (eV) 0.89 0.79 0.76 0.70 0.74 0.69 

Ef (eV) 0.67 0.58 0.59 0.50 0.55 0.38 

ΔE (eV) 0.22 0.21 0.17 0.20 0.19 0.31 

 

 

 

 

 

 

 

 

 

 

 

 



113 
 

3.5 Characterization of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-

0.5) 

The results of different characterization techniques used for characterization of sintered 

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) are presented below. 

 

3.5.1 Structural characterization 

The X-ray diffraction patterns of Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) sintered at 

1000ºC are shown in Figure 3.23. All the ferrite samples show well defined Bragg 

diffraction positions corresponding to cubic spinel Fd3m phase. The Bragg’s 

reflections in the 2θ range of 20-80o can be indexed with all the characteristic 

reflections of cubic spinel ferrite phase with no impurity peaks due to CdO, NiO, α-

Fe2O3 etc. are being observed. The main characteristic peaks (2) at around 30.09 

(220), 35.35 (311), 43.09 (400), 53.5 (422), 56.38 (511), 63.41 (440) and 73.99 

(533) are all observed in the diffractograms in the present study, however the 

positions of the peaks are shifted to higher diffraction angles as the nickel 

concentration is increased in the ferrites. The sharp peaks observed in the spectrum 

confirm that the samples have good crystallinity. 

 

Fig. 3.23 X-ray diffractogram of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 
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The length of the unit cell edge was calculated as per equation 2.6 (in chapter 2) 

which showed a decrease with increase in nickel concentration (Fig. 3.24) in 

accordance with Vegard’s law. This is due to the smaller ionic radius of the Ni2+ ion 

(0.69 Å) as compared to the Cd2+ ion (0.95 Å) [59]. The replacement of Cd2+ ions 

by Ni2+ ions causes the cubic spinel unit cell to decrease in size, which can also be 

seen by the decrease in the volume of the unit cell [Table 3.9].  

 

Fig. 3.24 Variation of a) Lattice parameter and density, b) Hopping length with 

composition of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

The hopping lengths of the ions in the tetrahedral (LA) and octahedral (LB) sites ie. 

the distance between ions in tetrahedral and octahedral sites is presented in Table 

3.9 and the same is plotted in Fig. 3.24b. Both these hopping lengths decrease with 

increase in nickel concentration in the sintered ferrite, but the decrease in the LA 

length is relatively greater than the decrease of LB hopping length. This is because 

as Ni2+ ions are added to the ferrites, they will occupy the B-site and push the Fe3+ 

ions to the A-site. Since the difference in ionic radius of Ni2+ and Fe3+ is small, the 

value of LB does not change much. But at the tetrahedral site (A-site), Cd2+ ions are 

replaced by the Fe3+ ions that migrate from the octahedral site and thus there is 

relatively larger difference in ionic radii between these two ions, which explains the 

relatively larger decrease in the LA hopping length. The X-ray density and bulk 

density of the ferrites are also calculated and given in the Table 3.9. Both these 

densities decrease with increase in nickel concentration. The lower values of bulk 

densities of ferrites indicate the presence of voids, formed during the synthesis. The 

porosity of the ferrites also increases with increase in nickel doping. The average 
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crystallite size was estimated using Scherrer’s formula was found to be in the range 

of 40-47 nm. 

 

Table 3.9 Lattice constant (a), Unit Cell Volume (V), hopping lengths in tetrahedral 

(LA) and octahedral (LB) site, X-ray density (dx), bulk density (dm), % porosity (P), and 

Average crystallite size (D) of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

3.5.2 Infrared spectroscopic analysis 

The Fourier-transform Infrared spectra of the sintered ferrite are showed in Figure 3.25. 

The spectrum reveals two prominent bands (γ1, γ2) and a small band (γ3) in the region of 

600 to 350 cm-1. As per Group theory, cubic spinel ferrites with the space group Fd3m 

should exhibit four fundamental vibrations (γ1, γ2, γ3, γ4) of T1u symmetry [60]. The γ1 

band arises due to the M-Otet stretching while the γ2 band is due to M-Ooct stretching 

[61]. These lattice vibrations belong to E symmetry and are equal in intensity as they 

involve the motion of the oxygen ion.  

In the present study, the γ1 and γ2 bands shifts to higher wavenumber as the nickel 

concentration in the sintered ferrite increases; the increase in γ1 is much larger than the 

increase in γ2 [Table 3.10]. The explanation for this is as follows. The Ni2+ ions 

preferably occupy the octahedral sites [62] while Cd2+ ions the tetrahedral sites [63]. As 

X 0.0 0.1 0.2 0.3 0.4 0.5 

a (Å) 8.52 8.50 8.47 8.42 8.39 8.35 

V(Å3) 619 615 608 598 591 584 

LA(Å) 3.69 3.68 3.67 3.65 3.63 3.62 

LB(Å) 3.01 3.00 2.99 2.98 2.97 2.96 

dx (g/cm3) 5.60 5.52 5.47 5.44 5.39 5.33 

dm (g/cm3) 3.47 3.29 3.20 3.17 3.01 2.91 

P (%) 38 40 41 41 44 45 

D (nm) 44.5 45.7 44.1 40.2 44.1 47.4 
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the nickel concentration increases, Fe3+ ions from the octahedral site are pushed to the 

tetrahedral site, replacing the Cd2+ ions there. The smaller ionic size of the Fe3+ ions as 

compared to the Cd2+ ions makes the O2- ions to shift more towards the Fe3+ ions 

increasing the force constant of the Fe3+-O2- bond. Hence the fundamental frequency of 

the γ1 band increases from 574 to 607 cm-1. At the octahedral site, Ni2+ ions replace the 

Fe3+ ions; this causes a charge imbalance due to the presence of Ni2+, Co2+ and Fe3+ 

ions, which causes a split in the γ2 band. This split decreases with increase in nickel 

concentration and appears as a shoulder for higher nickel concentration. The γ3 band is 

due to bending lattice vibration on the octahedral site and has a T2 symmetry. This band 

is due to the divalent metal ion oxygen complex at the octahedral site. There is no 

appreciable change in the position of this band with increase in nickel concentration. 

 

Fig. 3.25 Infrared spectra of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

Table 3.10 The M-O stretching frequencies at the tetrahedral and octahedral sites in 

‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

X 0.0 0.1 0.2 0.3 0.4 0.5 

γ1 (cm-1) 574 580 590 598 602 607 

γ2 (cm-1) 390,407 390,406 389,405 392,402 391,407 392,409 

γ3 (cm-1) 371 369 371 369 369 371 
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3.5.3 Raman spectroscopy studies 

Lattice effects such as lattice distortions, local distribution of cations, spin-lattice 

coupling and magnetic ordering can be probed using Raman spectroscopic analysis. 

Cubic spinel ferrites with the chemical formula AB2O4 belong to the space group 𝑂ℎ
7  

(Fd3m). A ferrite unit cell contains 56 atoms but the smallest Bravais cell contains 14 

atoms and hence should give 42 vibrational modes, five of which are Raman active. The 

five active Raman modes as predicted by group theory are 1A1g, 1Eg and 3T2g [64]. The 

room temperature Raman spectra of the ‘sintered’ ferrite series are shown in Fig. 3.26. 

 

Fig. 3.26 Raman spectra of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

 The positions of Raman peaks shown by ferrites are tabulated in [Table 3.11]. The peak 

observes at ~690 cm-1 is of A1g symmetry and is due to the symmetric stretching of the 

oxygen atom along the metal-oxygen bond in the tetrahedral sites. Since the A1g band is 

the most prominent band in the spectrum it further can confirm the phase purity of the 

ferrites without any traces of metal oxides or metal impurities [65]. The A1g mode has a 

shoulder to the left of the main peak at ~ 630 due to the mixed spinel nature of the 

ferrite. At the tetrahedral sites both Cd2+ and Fe3+ ions are present. The different 

electronic structure of Fe3+ (3d5) and Cd2+ (4d10) and different ionic radii of both results 

in different M-O bond overlap. The larger Cd2+ ion will have a smaller overlap and 

hence the lower A1g mode, while the Fe3+ ion will be responsible for the higher A1g 

mode. Both the A1g modes show a blue shift as the concentration of nickel increases. 
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With increase in nickel concentration, the intensity of the A1g (Fe) increases while the 

intensity of the A1g (Cd) mode decreases and appears as a shoulder for the composition 

Ni0.5Co0.5Fe2O4. The Eg mode which arises due to symmetric metal-oxygen bond 

bending at the octahedral site was observed at a lower wavenumber of ~ 310 cm-1 [42, 

66]. This mode also shows a blue shift as the nickel concentration is increased. The 

ionic radii of Fe3+(0.67Å) is smaller than that of Ni2+(0.69Å); replacement of Fe3+ by 

Ni2+ at the octahedral site leads to expansion of the MO6 octahedra, this shifts the Eg 

band to higher wave number as the nickel concentration increases.  

 

Table 3.11 Raman vibration modes of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) with 

Ni concentration. 

Ni 

Concentration 

(x) 

Eg    

(cm-1) 

T2g (2) 

(cm-1) 

T2g (3) 

(cm-1) 

A1g (1) 

(cm-1) 

A1g (2) 

(cm-1) 

0.0 276 460 576 631 678 

0.1 290 464 566 639 686 

0.2 299 466 567 641 689 

0.3 303 467 562 641 690 

0.4 305 471 564 646 692 

0.5 314 471 566 654 692 

 

The T2g (2) mode arises due to asymmetric Metal-oxygen stretch at the octahedral site 

and the T2g (3) mode is due to the translational motion of the cations and oxygen MO4 

tetrahedral unit [66]. The intensities of the modes are in the order Eg < T2g (2) < T2g (3) < 

A1g. The presence of Fe2O3 can be detected by sharp peaks at ~240 cm-1 and ~300 cm-1 

[67] however, no peak is observed at 240 cm-1 in the spectra and the peak at 300 cm-1 is 

broad and of low intensity which belongs to the Eg mode of the ferrite. This confirms 

the absence of Fe2O3 and single phase nature of all the ferrites in the series.  
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3.5.4 XPS analysis 

X-ray photoelectron spectroscopy can be used as a tool to probe the chemical states of 

elements in a compound. The full scan spectra of the sintered ferrite series at room 

temperature is shown in Fig. 3.27. It can be seen from the figure that Cd, Co, Ni, Fe and 

O are all present in the samples with no other impurity except C which may have got 

deposited on the surface during the sample preparation. The valence state of iron, 

cobalt, nickel and cadmium will decide the overall magnetic and dielectric properties of 

the ferrite and so the oxidation states were confirmed from XPS technique. The 

photoelectron peaks of Fe2p, Co2p, Ni2p, Cd2d and O1s of Cd0.3Ni0.2Co0.5Fe2O4 are 

presented in Fig. 3.28 and the electron binding energies (B.E) of Fe2p, Co2p, Ni2p, 

Cd2d and O1s of the entire ferrite series are shown in Table 3.12. 

 

Fig. 3.27 Full scan XPS spectra of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

The high resolution narrow scan of Fe, Ni, Co, Cd and O of the composition 

Cd0.3Ni0.2Co0.5Fe2O4 is shown in Figure 3.28. The Fe 2p3/2 core electron spectrum 

reveals two asymmetric peaks due to Fe in two different lattice sites. The peaks with 

B.E of ~710 eV is due to Fe3+ in the tetrahedral sites while the peak at ~713 eV is due to 

octahedral Fe3+ [64, 68]. A satellite peak with B.E ~8 eV higher than the main peak was 

also observed in all the ferrite samples. The occurrence of satellite peak confirms Fe is 

in +3 oxidation state and also confirms the high spin nature of Fe3+. The possibility of 



120 
 

metallic iron being present can also be ruled out [69]. The Fe 2p1/2 peak observed at 

~724 eV can also be assigned to Fe3+ ionic state [70].  

The XPS spectrum of Co 2p3/2 also exhibits two asymmetric peaks due to cobalt ions in 

octahedral and tetrahedral sites. The lower B.E peak is assigned to octahedral cobalt and 

the higher B.E peak is assigned to tetrahedral cobalt. Satellite peak at ~786 eV, 6 eV 

higher than the main peak confirms the high spin state of Co2+ ions [71]. The presence 

of low spin Co3+ gives low intensity or no satellite peaks, however the presence of 

satellite peaks in all the samples in the present study, rules out the presence of Co3+(L.S) 

and confirms that cobalt is exclusively in high spin Co2+ state. The Co 2p1/2 peak at 

~795 eV is also observed in some of the ferrites [71].  

 

Fig. 3.28 XPS spectra of ‘sintered’ Cd0.3Ni0.2Co0.5Fe2O4. 
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Table 3.12 The binding energy values of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

The core level nickel scan can be fitted with two peaks. The 2p3/2 peak is seen at a B.E 

of ~855.4 eV along with a satellite peak at ~862 eV and 2p1/2 at a B.E of ~873 eV. Both 

these peaks are observed in the ferrite samples along with the associated satellite peak. 

No shoulder is detected in the peaks which rules out any signs of the Ni2+ oxidised to 

Ni3+ during sintering [72,73]. The core level Cd 3d spectra contains two peaks centred 

at ~404 eV and ~411 eV which can be assigned to the 3d3/2 and 3d5/2 lines, respectively. 

Each of these lines can be fitted with two peaks due to the presence of divalent Cd ions 

at the tetrahedral site [74,75]. 

The core level spectrum of oxygen 1S in Cd0.3Ni0.2Co0.5Fe2O4 shows a peaks at 529.4 

eV and 527.9 eV. The peak of higher binding energy is attributed to the presence of O2- 

 Peak 0.0 0.1 0.2 0.3 0.4 0.5 

Cd 

3d5/2 403.18 404 403.98 403.56 404.8 -- 

3d3/2 410 411 410.7 410.33 411.54 -- 

Ni 

2p3/2 -- 855.4 855.45 855.26 855 855.6 

Satellite -- 861 861 861.94 862.06 861.7 

2p1/2 -- 873.8 873 873 873.46 873 

Co 

2p3/2(Oh) 779.6 779.8 779.2 778 779.9 779.7 

2p3/2(Td) 781.9 781.8 781.4 781 782 782 

Satellite 786.5 787.2 785 785.9 786 787 

2p1/2 795 796 794 794.6 795 794.5 

Fe 

2p3/2 (Oh) 710.2 710.7 710 710 710 710 

2p3/2 (Td) 713.8 712.9 713 713 713 713 

Satellite 717.5 717.2 718 717.4 717 717 

2p1/2 724.7 725 725 724.5 725 724.8 

O 1s 530 530 529 529 530 530 
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ions and the lower binding energy peak is due to the chemisorbed water [76]. Similar 

results were obtained for the other sintered ferrites, the binding energy values of which 

are given in Table 3.12.  

  

3.5.5 Mössbauer spectroscopic studies 

In order to collaborate the magnetic structure and determine the cationic structure of the 

sintered ferrite, the ferrite samples were subjected to room temperature Mössbauer 

spectroscopic analysis and the spectra obtained from the same are compiled in Fig. 3.29. 

These spectra were fitted by least square method using Win-Normos site fit program. 

All the spectra show a magnetic hyperfine splitting confirming the magnetically ordered 

state of the Iron ions in the ferrites. The spectra can be fitted with four Zeeman sextets 

corresponding to Fe atoms residing at the (A) and [B] sites except for the ferrite 

Ni0.5Co0.5Fe2O4 which was fitted with three Zeeman sextets. The assignments of the 

sextets to the tetrahedral and octahedral sites are shown in Table 3.13.  

The interactions of the 57Fe nuclei with its immediate chemical environment is related to 

the parameters: hyperfine field (HHF), isomer shift (δ), quadrupole splitting (Δ), line 

width (Γ) and relative area (RA) in percentage of Fe atoms at the tetrahedral and 

octahedral sites and are presented in Table 3.13. The oxidation state of Fe is related to 

the isomer shift value. Ferrous (Fe2+) ions show an isomer shift value in excess of 0.6 

mm/s while the Fe3+ nuclei have a smaller isomer shift value [43,77]. In none of the 

spectra there is a δ value greater than 0.6 mm/s, thus all the iron ions are in the +3 

oxidation state and thus all the incorporated ions (Co, Ni and Cd) are in +2 oxidation 

state in order to keep the overall neutrality of the oxide. It is known that the Fe3+-O2- 

bond distance is smaller for the tetrahedral site as compared to the distance in the 

octahedral site [78]. This implies that there is a greater degree of covalent bonding at 

the tetrahedral site and as a result there is a transfer of s-electron density from the ligand 

ion (O2-) to Fe3+ at the tetrahedral site. This increase in S-electron density on the Fe 

nucleus causes the IS of Fe at the tetrahedral site to be smaller than at the octahedral 

site. The percentage of Fe nuclei residing at the different site is calculated from the 

relative areas of the peaks. 
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Fig. 3.29 Mössbauer Spectra of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) analysed at 

room temperature. 

 

The quadrupole splitting is indicative of the symmetric distribution of charge around the 

57Fe nuclei at the tetrahedral and octahedral sites. It gives an idea about the deviation 
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from cubic symmetry. Since the Δ values are almost zero (within the experimental 

error) for 57Fe nuclei at both the sites, it indicates that both the sites have cubic 

symmetry without any distortion [79]. 

The hyperfine field gives the electron density at the 57Fe nucleus. The hyperfine field is 

given by the relation,              

HHF = Hcore  +  HSTHF  +  HTHF  +  HD 

Where Hcore is the polarization of the core s-electrons by the d-electrons, HD is the 

dipolar field contribution, HTHF is the transferred hyperfine field and HSTHF is the super-

transferred field [79].  

Since Hcore and HTHF do not vary much with nickel substitution, the hyperfine field is 

due to the contribution of HSTHF and HD which causes line broadening. The super-

transferred hyperfine interactions experienced by the iron nucleus will depend on the 

number of nearest M2+ neighbours. The hyperfine density at the A site is due to the 

magnetic neighbours residing at the B site ions while the hyperfine interaction of a B-

site cation will depend on its interaction with the neighbouring A-site cations. The 

HSTHF values at both the sites increases as the nickel concentration increases but the 

increase is more prominent at the B-site. 

According to Neel two lattice model, the magnetic interaction between ions residing on 

the A-site and the B-site lead to three types of interactions namely AB exchange 

interactions, AA exchange interactions and BB exchange interaction of which the AB 

interactions are the strongest [68]. From the cation distribution it can be seen that Cd2+ 

ions occupy the A-site while the incoming Ni2+ ions are directed to the B-site; this 

results in a migration of Fe3+ ions from the B-site into the A-site. The tetrahedral Fe3+ 

ions can interact with the cations at the octahedral sites namely Co2+, Ni2+ and Fe3+ 

leading to FeA
3+OFeB

3+, FeA
3+ONiB

2+ and FeA
3+OCoB

2+ exchange interactions. As 

nickel concentration increases, the Fe3+ ions at the B-site decreases and this reduces the 

FeA
3+OFeB

3+ interactions while the FeA
3+ONiB

2+ interactions increases. Since the 

magnetic moment of the Fe3+ (5μB) is higher than the magnetic moment of Ni2+ (2μB), 

replacement of the Fe3+ ions at the octahedral site will cause the hyperfine interactions 

to decrease.  
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Table 3.13 Mössbauer parameters of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) 

obtained at room temperature. Isomer shift (IS, δ), Quadruple splitting (QS, Δ), 

Hyperfine field (BHF), Inner line width (Γ), Relative Area (RA) of Sextet A1, A2: 

Tetrahedral, Sextet B1, B2, B3: Octahedral. 

 

Ni 

Composition 

(x) 

Fe 

Site 

IS (δ) 

(mm/s) 

Q.S 

(Δ) 

(mm/s) 

Γ 

(mm/s) 

BHF 

(T) 

RA 

(%) 

Cation 

Distribution 

0.0 

A1 0.286 0.033 0.4217 45.22 9.71 

[Cd0.5Fe0.5] 

(Co0.5Fe1.5)O4 

 

A2 0.287 0.0034 0.5065 43.45 16.91 

B1 0.351 -0.0025 0.8926 40.93 21.73 

B2 0.393 0.0255 1.3844 35.47 51.65 

0.1 

A1 0.287 0.0175 0.5699 45.45 30.74 

[Cd0.4Fe0.6] 

(Ni0.1Co0.5Fe1.4)O4 

 

B1 0.324 -0.0033 0.6264 43.14 17.61 

B2 0.351 -0.0336 1.2724 35.21 34.49 

B3 0.381 -0.0367 0.8831 40.46 17.15 

0.2 

A1 0.212 -0.0021 0.4743 46.96 34.53 
 

[Cd0.3Fe0.7] 

(Ni0.2Co0.5Fe1.3)O4 

 

B1 0.337 -0.0266 1.3007 38.65 20.23 

B2 0.378 -0.0856 0.9361 43.52 19.07 

B3 0.398 0.0643 0.5928 47.21 26.17 

0.3 

A1 0.239 0.0414 0.5294 48.18 14.97 

[Cd0.2Fe0.8] 

(Ni0.3Co0.5Fe1.2)O4 

A2 0.357 0.0053 1.2215 42.72 23.3 

B1 0.415 0.046 0.5552 50.43 54.15 

B2 0.442 -0.0912 0.4767 45.67 7.58 

0.4 

A1 0.221 0.0786 0.5121 43.06 32.07 

[Cd0.1Fe0.9] 

(Ni0.4Co0.5Fe1.1)O4 

 

A2 0.242 0.0314 0.4789 48.74 13.35 

B1 0.366 0.0229 0.5517 51.37 2.85 

B2 0.419 -0.1807 0.7791 46.47 51.72 

0.5 

A1 0.239 0.0018 0.4269 49.36 50.17 
[Fe1] 

(Ni0.5Co0.5Fe1)O4 

 

B1 0.339 -0.0098 0.3834 52.86 30.52 

B2 0.371 -0.0043 0.3754 51.57 19.31 
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The octahedral iron nuclei can have six metallic ion neighbours that can include non-

magnetic Cd2+ ions or magnetic Fe3+ ion. The presence of Cd2+ ions reduces the 

hyperfine field. The octahedral iron nuclei can interact only with the magnetic Fe3+ ions 

at the tetrahedral sites, hence they have only FeB
3+OFeA

3+ magnetic exchange 

interactions, as the concentration of the tetrahedral Fe3+ ions increase with doping this 

will cause the magnetic hyperfine of the tetrahedral Fe3+ ions to increase. This explains 

the increase in the hyperfine field at the B-site. 

 

3.5.6 SEM micrographs 

The morphology of the sintered ferrites was studied using scanning electron 

microscopy. The SEM images of the sintered Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) are 

shown in Fig. 3.30. It can be seen from the micrographs that the samples have a wide 

distribution of different size particles, from large (2μm) to very small (50nm) and with 

increase in the nickel concentration the fraction of smaller size particles increases. It can 

also be seen that the samples with higher cadmium content are denser and there is a 

decrease in density with increase in nickel concentration. The bulk density of the 

ferrites which is given in Table 3.9 also shows similar trend. 

 

   

   

Fig. 3.30 SEM micrographs of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrite. 

 

0.0 
0.1 0.2 

0.3 0.4 0.5 
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3.6 Solid state properties of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4    

(x = 0.0-0.5)  

3.6.1 Magnetic properties 

The hysteresis loops (MH) of the sintered Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrite 

series at room temperature and at 50K are shown in Figure 3.31 and 3.32, respectively. 

The MH curves were recorded by sweeping the external magnetic field between ± 30 

KOe (3T). Low temperature hysteresis loops were obtained after zero-field cooling. The 

saturation magnetization at 50K is higher than the room temperature values due to the 

decrease in thermal effects on the fluctuation of the magnetic ions.  Another interesting 

feature of the loops is the loops do not go to saturation even when the external magnetic 

field is at 3T. This is an indication of the core-shell nature of the ferrites [42, 80]. The 

core consists of magnetically ordered spins while the shell, due to broken interactions is 

canted or misaligned with respect to the core.  

These surface spins cannot align easily with the easy axis of magnetization of the core. 

These spins therefore are still aligning at the high magnetic field and even at this stage 

some of the spins are not been able to align with the easy axis.  These loops are obtained 

well below the blocking temperatures; hence the coercivities are considerably higher 

than the room temperature values [81].  Also it is known that at low temperatures there 

is a tendency for Co2+ ions to move from the tetrahedral to octahedral sites in the cubic 

lattice [41, 42]. The Co2+ ions have considerably higher anisotropy which can also 

explain the higher coercivities at 50K. It can be seen from Table 3.14, the difference 

between the room temperature and low temperature coercivity increases as the nickel 

concentration increases.  

The saturation magnetization increases with the initial substitution of nickel and then 

decreases with further increase in nickel concentration. The exchange interaction 

between the ions at the octahedral and tetrahedral sites mediated by the oxygen atoms 

dictates the magnetic properties of the ferrites. The moments in octahedral sites are 

coupled antiferromagnetically to moments on the tetrahedral sites (Moct – Mtet). Within 

tetrahedral and octahedral sites, the moments are ferromagnetically aligned [83-84]. 

Cd2+ ions prefer to occupy tetrahedral sites [85] while Ni2+ prefers the octahedral sites 

[86]. As Ni2+ ions are introduced in the ferrite, they will occupy the octahedral sites 

forcing the Fe3+ ions from the octahedral sites to move to the tetrahedral site wherein 
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they take the place of the departing Cd2+ ions. The movement of Fe3+ ions into the 

tetrahedral sites increases the magnetic moments on the A-sites (Mtet), while the 

magnetic moment on the B-site decreases due to the smaller magnetic moment of Ni2+ 

as compared to Fe3+. This will result in a decrease in saturation magnetization as the 

nickel concentration is increased. When the concentration of cadmium becomes high (> 

0.3), the higher concentration of non-magnetic ions on the A site causes the B sublattice 

to split into two, B1 and B2. It is known that a high concentration of nonmagnetic ions 

on one site can cause spin canting on the other site [39, 43]. This causes the split in the 

B sublattice. The magnetic moments on the B-sites are no longer coupled 

ferromagnetically but are canted at an angle to each other called the Yafet-Kittle angle. 

This results in the initial increase in saturation magnetization up to x = 0.2. The high 

saturation magnetization of Cd0.3Ni0.2Co0.5Fe2O4 makes it suitable for biomedical 

applications. 

 

Fig 3.31 The magnetic hysteresis loops of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) 

at room temperature. 

The Coercivity and remanent magnetization values increases with increase in nickel 

concentration. The cations in the cubic spinel structure in the octahedral sites are in the 

high spin state due to the weak ligand field. The Fe3+ cations in the high spin state 

(𝑡2𝑔
3 𝑒𝑔

2) have their orbital angular momentum quenched. The Ni2+ (𝑡2𝑔
6 𝑒𝑔

2) and Co2+ 

(𝑡2𝑔
5 𝑒𝑔

2 ) will have an orbital contribution resulting in L-S coupling [87]. As nickel 

replaces cadmium, the L-S coupling will increase at the octahedral site which increases 
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the anisotropy in the ferrite sample, as can be seen from increase in coercivity as well as 

increase in the blocking temperature. 

 

Fig 3.32 The magnetic hysteresis loops of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) 

at 50K. 

 

Table 3.14 Magnetization data of ‘sintered’ Cd0.5-XNiXCo0.5Fe2O4 (x= 0.0-0.5) as a 

function of cadmium concentration at 310 K and 50 K. 

 310 K 50K 

X 
Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 
Mr/Ms  

K (*103 

erg/cm) 

Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 
Mr/Ms  

0.0 67 44 3.1 0.045 3.08 106 363 17.6 0.165 

0.1 75 57 4.7 0.062 4.46 113 420 24.5 0.216 

0.2 80 80 8.3 0.103 6.66 110 555 45.2 0.404 

0.3 77 161 13.6 0.175 12.95 89 957 45.7 0.513 

0.4 72 271 18.4 0.253 20.41 83 1674 58.1 0.699 

0.5 66 481 21.2 0.319 33.22 72 3746 56.87 0.762 
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The squareness ratio (R = Mr/Ms) varies from 0 to 1. Reports indicate that for R<0.5, 

there is a magnetostatic interaction between the particles. For R=0.5, there exists a 

coherent rotation between randomly oriented non-interacting particles. For R between 

0.5 and 1, shows the presence of exchange coupling interactions between the particles 

[42]. In our samples the R values at room temperature are below 0.5 [Table 3.14] 

indicating that the sintered ferrite particles have a strong magnetostatic interaction. 

 

 

Fig. 3.33 MT curves of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) at 250Oe, 500Oe 

and 1000Oe. 
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Table 3.15 Curie temperature of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) as obtained 

from AC susceptibility (A.C.) and Initial permeability (I.P.) measurements. 

Ni 

concentration 

(x) 

Curie Temperature Blocking 

Temperature 

(K) 
Tc (K)A.C Tc (K)I.P 

0.0 552 526 196 

0.1 579 564 218 

0.2 657 638 299 

0.3 718 723 361 

0.4 769 761 > 400K 

0.5 806 805 > 400K 

 

The variation of the magnetic moment with temperature of the samples was performed 

in the temperature range of 50-400K to study the effect of structural features on the 

magnetic properties. The ZFC and FC magnetization curves were recorded and shown 

in Figure 3.33. In the ZFC experiment, the ferrite sample was cooled in the absence of 

external magnetic field to a temperature of 50K and then a magnetic field of 250 Oe 

was applied. The magnetization is then measured as the sample is warmed to 400 K. 

The ZFC curve for the sample Cd0.5Co0.5Fe2O4 increases with increase in temperature 

and reaches a maximum value at around 200 K. Above this temperature the ZFC curve 

decreases with further increase in temperature typical of a paramagnetic behaviour. The 

maximum in the ZFC curve corresponds to the blocking temperature which is 196 K 

[Table 3.15] for the sample Cd0.5Co0.5Fe2O4 under the magnetic field of 1000Oe.  

The maximum in the ZFC curve at the blocking temperature can be thought of as the 

result of two effects. As the temperature is increased, the individual nanocrystals have 

sufficient thermal energy to adopt the alignment of the external field (H) which causes 

the increase in the ZFC curve. The other effect is that with increase in temperature the 

nanocrystals have sufficient energy to overcome the applied field leading to decrease in 

the magnetization [88]. At 50 K, when the magnetic field is switched on, the moments 
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of the individual nanocrystals will align along the easy axis having minimum potential 

energy EA according to the equation, 

EA= KV (Sin2θ). 

Where K is the anisotropy constant, θ is the angle between the easy axis and the 

magnetization direction and V is the volume of the particles [52]. The sample as a 

whole will have nanocrystals with a wide distribution, randomly oriented along easy 

axis, resulting in a low value of magnetization at 50K. When the external magnetic field 

(H) is switched on, the individual magnetic moments will try to align with H. The 

thermal energy at this low temperature is not enough for the magnetic spins to 

overcome the anisotropic energy, KV and hence align with the magnetic field. As the 

temperature increases, the thermal energy can overcome this anisotropic energy and 

align with H resulting in an increase in the ZFC curve below the blocking temperature. 

In the field cooled measurements, the ferrite samples were cooled from 400 K to 50 K 

in an applied field of 250 Oe and the measurement is done during warming of the 

sample to 400 K. As the sample is cooled in external field, the magnetic moments align 

with the field and remain in this configuration as the temperature is decreased. This 

gives a high value of magnetization at 50 K in the FC curve. The FC magnetization 

decreases with increase in temperature as the thermal fluctuations causes the magnetic 

spins to deviate from this alignment. These curves are typical for a system of non-

interacting single domain particles. The broad peak in the ZFC curve indicates a wide 

distribution of particle sizes. The ZFC and FC curves do not superimpose over the 

temperature range in an applied field of 250 Oe indicating that a significant fraction of 

the nanoparticles are still in the magnetically blocked state even at 400 K [80]. 

The FC curve of ‘sintered' Cd0.5Co0.5Fe2O4 shows a sudden decrease in magnetization 

with decrease in temperature near 180 K which can be attributed to Verwey transition 

taking place in the ferrites. The Verwey transition is a metal insulator transition, below 

which there is a long range ordering between the Fe2+ and Fe3+ ions in the octahedral 

sublattice. It is explained that the unit cell undergoes a change from cubic to monoclinic 

with the easy axis of magnetization shifting from (111) to (100) plane which results in 

sharp change in the magnetic properties [89,90]. The Verwey transition temperature 

shifts to higher value and the sudden decrease in magnetization also becomes less 

prominent with increase in nickel concentration. 
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As the nickel concentration is increased in the sintered ferrite series, the trend in the 

ZFC and FC curves changes. The maximum in the ZFC curve ie. the blocking 

temperature, shifts to higher temperature. The blocking temperature (TB) is related to 

the magnetocystalline anisotropic constant (K) and the particle volume (V) according to 

Neel’s theory 

TB =  
𝐾𝑉

25𝑘𝐵
 

Where K is the magnetic anisotropy constant, V is volume of the nanoparticle 

exhibiting superparamagnetism and kB the Boltzmann’s constant [86]. The change in 

the nature of the magnetization curves can be attributed to change in the anisotropy in 

the ferrite samples. The blocking temperature increases with increase in nickel 

concentration in the ferrites [Table 3.15]. The same trend is observed for anisotropy 

values and coercivity. This can be attributed to an increase in magnetocrystalline 

anisotropy in the ferrite as the nickel concentration increases. 

The ZFC curve for the sample Ni0.5Co0.5Fe2O4 ferrite shows a decrease in the 

magnetization with decrease in temperature. The FC curve is temperature independent 

over a wide temperature range indication that the particles have a strong dipolar 

interaction between themselves. This results in a higher blocking temperature (above 

400K) and higher anisotropy values. The FC curve shows an initial decrease with 

decrease in temperature indicating that at room temperature the magnetic spins are not 

in a perfect antiparallel alignment but are canted or misaligned. But as the temperature 

is decreased the spins reorient themselves to reduce the canting angle and align to an 

antiferromagnetic state resulting in a temperature independent behaviour below room 

temperature. 

 

3.6.2 AC susceptibility studies 

The alternating current susceptibility of the ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) 

ferrites were measured in the temperature range of 300 to 850 K in an applied field of 

50 kOe and is shown below in Figure 3.34.  
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Fig. 3.34 Plot of normalized susceptibility v/s temperature of ‘sintered’                         

Cd0.5-xNiXCo0.5Fe2O4 (x = 0.0-0.5). 

 

Measurement of AC susceptibility provides vital information about the state of the 

magnetic domains in polycrystalline materials as well as the magnetic interaction taking 

place in them [91]. From the curves, the temperature at which magnetic ordering is 

destroyed and the transformation from ordered ferromagnetic to a disordered spin state 

of paramagnetic takes place, can be determined. At the Curie temperature the 

permeability and coercivity drop to zero. The Curie temperature of the ferrite series 

increases with increase in nickel concentration as can be seen in Figure 3.35. The 

exchange interactions between the magnetic ions at the tetrahedral and octahedral site 

mediated through oxygen determine the magnetic ordering. According to Neel’s theory, 

the A-B interactions are the strongest and they will dictate the Curie temperature. The 

ions that are present in the different sites will determine the A-B interactions. From the 

cation distribution, as nickel is introduced in place of cadmium, it occupies the B-sites 

and accordingly ferric ions moves from the B-sites to the A-sites where it replaces the 

cadmium ions that were present at the A-site. Non-magnetic cadmium when replaced by 

Fe ferric ions, the magnetic ordering at the A-site increases; this increases the 

magnitude of the A-B interactions. Due to this greater amount of energy is required to 

destroy the magnetic interactions which explain the increase in Curie temperature with 

nickel concentration [Table 3.15].  



135 
 

 

Fig. 3.35 Variation of Curie temperature with Ni concentration of ‘sintered’                         

Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5) as obtained from AC susceptibility and Initial 

permeability measurements. 

 

From the curves it can be seen that for the ferrites with x ≤ 0.3, the susceptibility 

increases slowly with increase in temperature and falls to zero at the Curie temperature 

with tailing effect. This indicates the presence of superparamagnetic particles along 

with a smaller fraction of single domain particles (SD) [92]. For the sintered ferrites 

with x ≥ 0.4, the susceptibility shows a larger increase which results in a peak, before 

falling to zero at the Curie temperature. This indicates that a greater fraction of particles 

are in the SD state. The broad nature of the curves indicates an inhomogeneous 

distribution of different sized particles. The peaking behaviour is attributed to 

Hopkinson’s effect in SD particles [93]. The single Curie temperature (without any 

extrapolation) in all the curves as indicated by the continuous decrease in the 

susceptibility curves (Fig.3.34) once again confirms the single phase nature of the 

ferrite series. 

 

3.6.3 Dielectric properties  

The dielectric properties of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (0.0-0.5) were studied as a 

function of frequency and temperature. The variation with frequency, temperature as 

well as with nickel concentration is reported in this section. 
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3.6.3.a Variation of dielectric properties as a function of frequency 

Fig. 3.36 illustrates the variation of the real part of dielectric constant as a function of 

frequency. The dielectric constant is much higher at low frequencies and decreases as 

the frequency increases. At high frequencies the value of dielectric constant is so small 

that it can be thought of, as independent of frequency. This frequency dependence can 

be explained using Maxwell-Wagner two-layer model in accordance with Koop 

heterogeneous model of ferrites [94]. The ferrites consist of well conducting ferrite 

grains and a thin layer of poor conducting grain boundaries. In an alternating electric 

field, it takes a finite time for the space charge to line their axis parallel to the field. This 

causes the dielectric constant to decrease with increase in frequency. The grain 

boundaries being more effective at low frequencies, it results in lower hopping 

frequency between the Fe2+-Fe3+ ions [29]. The electrons reach the grain boundaries by 

hopping and as they cannot pass through the non-conducting grain boundaries, they pile 

up causing polarization. This leads to a high value of dielectric constant at low 

frequencies. With increase in applied frequency, the grains become more conducting 

thus increasing the hopping frequency and promoting the electron hoping between Fe2+-

Fe3+ ions; but at higher frequencies the electrons cannot follow the applied field and lag 

behind thus decreasing the dielectric constant. 

 

Fig. 3.36 Frequency variation of Dielectric constant of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4                             

(x= 0.0-0.5). 
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The variation of the dielectric loss tangent as a function of applied frequency is shown 

in Fig. 3.37. All the ferrite samples show the same behaviour with the dielectric loss ie.  

decrease in dielectric loss tangent with increase in frequency. The loss tangent 

represents the energy dissipation. The losses include hysteresis loss, eddy current loss 

and residual loss. The curves indicate that the loss is maximum at low frequencies 

which is expected, as the grain boundaries are more effective at these frequencies 

resulting in higher losses [95]. As the frequency increases the energy required to cause 

hopping of the electron in the octahedral sites is less and hence low energy is dissipated. 

The loss tangent shows the same variation in composition as the dielectric constant. The 

composition Cd0.3Ni0.2Co0.5Fe2O4 has the lowest loss.  

 

Fig. 3.37 Frequency variation of Loss tangent of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4                

(x= 0.0-0.5). 

 

3.6.3.b Variation of dielectric properties as a function of temperature 

The variation of dielectric constant as a function of temperature at constant frequencies 

is shown in the Fig. 3.38.  Five selected frequencies namely 100 Hz, 1KHz, 10KHz, 

100KHz and 1MHz were selected to study the temperature variation of the dielectric 

constant. All the graphs show a similar trend with the dielectric constant increasing as 

the temperature is increased. With the increase in temperature the mobility of the charge 

carriers is higher which will orient them in the direction of the external AC field more 

readily. In the low temperature region, the thermal energy is not sufficient to mobilise 

the charge carriers and the dielectric constant is almost constant in this region. The 
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dielectric constant increases sharply, once the temperature is reached, which is 

sufficient enough to increase the mobility of charge carriers and orients them in the 

direction of the applied AC field [96].  

 

Fig. 3.38 Dielectric constant as a function of temperature of ‘sintered’                            

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) at different frequencies. 

 

The increase is more rapid at lower frequencies this is because the polarization has 

different contributory factors that vary differently with frequency.  The four types of 

polarization namely, interfacial, dipolar, electronic and atomic contributes to the 
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dielectric constant [36]. At low frequencies, interfacial and dipolar polarization play a 

dominant role. Interfacial polarization arises due to accumulation of charge at grain 

boundaries. With increase in temperature more and more charges reach the grain 

boundaries which will increase the interfacial polarization and consequently the 

dielectric constant also increases. Dipolar polarization decreases with increase in 

temperature. The increase in dielectric constant at low frequencies suggests that 

interfacial polarization plays a more dominant role than dipolar polarization. At high 

frequencies, atomic and electronic polarizations play a more important role [97]. These 

are independent of the change in temperature which explains why the dielectric constant 

at higher frequencies shows much lower values.  

The dielectric loss (loss tangent) variation as a function of temperature was also studied 

(Fig. 3.39). This represents the lag in polarization with the applied AC field. At low 

frequencies the loss shows an increase upto a certain temperature and then decreases. 

The maximum point in the curve corresponds to the frequency at which the applied field 

match the electron hopping frequency. At low frequencies the grain boundaries are 

more important. The high resistivity of the grain boundaries means more energy is lost 

during electron hopping between the ions. In the high frequency regions, the grains play 

a more dominant role and the energy losses are less. This explains the low values of 

dielectric loss at high frequencies. 

 

3.6.3.c Variation of dielectric constant as a function of Ni concentration 

In the sintered ferrites, with increase in the Ni2+ ions concentration, the dielectric 

constant first decreases up the composition of Cd0.2Ni0.3Co0.5Fe2O4 and then increases 

with further increase in the Ni2+ ion concentration.  When an external AC field is 

applied, the electron exchange between Fe2+-Fe3+ in the octahedral sites, results in 

displacement of electrons in the direction of the applied field. The concentration of 

Fe2+/Fe3+ ions will determine the magnitude of this exchange which in turn will 

determine the dielectric constant. Nickel prefers to occupy the B-sites. Thus, as nickel 

concentration is increased, Fe3+ ions from the B sites migrate to the A-sites. This 

decreases the electron exchange between Fe2+/Fe3+ thus decreasing the dielectric 

constant. The hopping of holes between Ni2+-Ni3+ in the B-sites also contributes to the 

polarization. The increase in dielectric constant for the composition 
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Cd0.1Ni0.4Co0.5Fe2O4 and Ni0.5Co0.5Fe2O4 could be due to the contribution of hole 

hoping at the B-site for these compositions. 

 

Fig. 3.39 Loss tangent as a function of temperature of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4                   

(x = 0.0-0.5) at different frequencies. 

 

3.6.4 Initial permeability 

The variation of initial permeability (μi) with frequency of the sintered Cd0.5-

xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrite series at room temperature is shown in Figure 3.40.  
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Fig. 3.40 Variation of Initial Permeability with frequency of ‘sintered’                              

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

Initial permeability depends on two factors, spin rotation and domain wall movement 

[98]. At lower frequencies, the domain wall movement makes a larger contribution than 

spin rotation. The initial increase in permeability at low frequencies up to 100Hz is due 

to unpinning of these domain walls in presence of a weak magnetic field. The initial 

permeability shows no variation with frequency in the range of 100 Hz till 3 MHz for 

the ferrite samples with x≤0.2, while it is frequency independent up to 10 MHz for the 

samples with higher nickel concentrations (x≥0.2). This is indicative of the 

compositional stability and homogeneity of the ferrites. This frequency independent 

region called the zone of utility makes the ferrite suitable for applications in video 

recording, broad band transformer, etc. The increase in the permeability at higher 

frequencies is due to the onset of resonance where the applied AC field frequency 

matches the frequency of the electron spins [99]. The frequency at which this onset 

occurs, shifts to higher frequencies as the nickel concentration in the ferrite samples 

increases and as such is beyond the maximum frequency under the present study, for the 

samples with nickel concentration greater than 0.2. The higher the permeability, lower 

the frequency at which the resonance occurs. 

The compositional variation of initial permeability shows that the ferrite with 

composition Cd0.4Ni0.1Co0.5Fe2O4 has the highest value of initial permeability and with 

increase in nickel concentration the initial permeability progressively decreases. The 

initial permeability [100] is related to saturation magnetization (Ms), average crystallite 

size (D) and anisotropy constant (𝐾) by the relation 
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𝜇𝑖 =
𝑀𝑠. 𝐷

√𝐾𝑖
 

The compositional variation indicates that all the three factors are responsible for the μi 

values. The high permeability value for Cd0.4Ni0.1Co0.5Fe2O4 is due to its larger 

crystallite size [Table 3.9] since for large size particles, the domain wall movement is 

easier, which will increase permeability. This also explains the decrease in permeability 

value for the samples with x= 0.2 and 0.3, which have a comparatively smaller sizes. 

However, the low permeability values of the ferrite samples Cd0.1Ni0.4Co0.5Fe2O4 and 

Ni0.5Co0.5Fe2O4 could be due to their low saturation magnetization coupled with high 

value of anisotropy [Table 3.14]. 

The temperature dependence of μi is shown in Fig. 3.41. It can be seen that the initial 

permeability increases with increase in temperature for all the samples and drops 

suddenly at the Curie temperature (TC).   

 

Fig. 3.41 Variation of Initial Permeability with temperature of ‘sintered’                         

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

 

The increase is faster for the samples with low nickel concentration; this is due to the 

lower anisotropy of these samples which increases as the Ni nickel concentration 

increases [Table 3.14]. The point at which the permeability drops to zero corresponds to 

the point, at which the ferrites change from ferromagnetic to paramagnetic state. Here, 

as the temperature increases, the thermal energy also increases which destroys the 
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parallel alignment of the spins along a given axis. The sharp fall in the curves also 

confirms the formation of single phase as was concluded from the XRD analysis [101]. 

The Curie temperatures (Tc) were obtained by drawing a tangent at the point of 

decrease and the intersection of this tangent with the temperature axis was taken as the 

TC value. The TC value increases as the nickel concentration increases (Table 3.15, Fig. 

3.35). As nickel is introduced in the samples, the Fe3+ ions move from the tetrahedral 

(A-sites) to the octahedral (B-sites) replacing the Cd2+ ions there. This intensifies the A-

B interaction as Fe3+ ions which are magnetic are replacing the non-magnetic Cd2+ ions. 

The lattice parameter [Table 3.9] also decreases with increase in nickel concentration 

which means the ions on the A-site and the B-site are in closer proximity to each other 

which increases the exchange interactions.  

 

3.6.5 Electrical resistivity 

The variation of electrical resistivity with change in temperature for the sintered ferrites 

is shown as a plot of log ρ versus 1000/T (K-1) in Fig. 3.42. All the graphs show a 

decrease in resistivity with increase in temperature which indicates the semiconductor 

behaviour of the ferrites.  

  

Fig. 3.42 Plot of resistivity vs 1000/T of ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5). 

The curves indicate the presence of four regions, a low temperature region where the 

impurity atoms play a dominant role. A second region, which is due to the different 
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distribution of cations in the tetrahedral and octahedral sites and a migration of cations 

between these two sites [102]. A third region in which hopping of charge carriers 

between the same metal atom present at the octahedral site results in a decrease in the 

resistivity and a fourth region which can be seen from a break in the resistivity curve 

which represents a change from an ordered ferromagnetic state to a disordered 

paramagnetic state. This break occurs at the Curie temperature and the activation 

energies below and above this Curie temperature are different [58]. The compositional 

variance of DC resistivity from the figure indicates that the resistivity increases with 

increase in nickel concentration up to x =0.3 and then decreases. The electrical 

resistivity of ferrites is sensitive to the grain boundaries and microstructure which are 

influenced by the method of synthesis. The ferrite with composition 

Cd0.2Ni0.3Co0.5Fe2O4 has the smallest crystallite size [Table 3.9], this mean that there 

will be a greater number of grain boundaries in this sample. The grain boundaries can 

cause scattering of the electron which can explain the high resistivity of this ferrite 

[103]. There is a strong correlation between the conduction mechanism and the 

polarization in ferrites, thus Cd0.2Ni0.3Co0.5Fe2O4 has the lowest dielectric constant as 

seen in section 3.6.3c. The activation energies of the ferromagnetic and paramagnetic 

region are given in Table 3.16. 

 

Table 3.16 Activation energies from the DC resistivity plots of ‘sintered’                               

Cd0.5-xNixCo0.5Fe2O4 (x= 0.0-0.5). 

Ni concentration 

(x) 

0.0 0.1 0.2 0.3 0.4 0.5 

Ep (eV) 0.98 0.79 0.72 0.80 1.29 1.02 

Ef (eV) 0.44 0.50 0.44 0.73 0.78 0.92 

ΔE (eV) 0.54 0.29 0.28 0.07 0.51 0.10 

 

Here, the activation energies for the electric conduction in the ferromagnetic region 

(0.44 to 0.92) were found to be lower than that in paramagnetic region (0.72 to 1.29). 

Moreover, the activation energy values are well within the range for hopping type of 

conduction mechanism. 
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3.7 Gas sensing applications of ‘as-prepared’ Cd0.5-

xNixCo0.5Fe2O4 (x = 0.0-0.5) 

Gas sensors have received utmost importance in the detection of hazardous, harmful and 

toxic gases. The sensor activity is dependent on the surface area of the sensor. 

Reduction in particle size can increase the sensor performance; this is because nano-

sized grains of metal oxides are poor conductors due to depleted charge carriers, but 

when exposed to target gases, they can exhibit a greater conductance changes, as more 

carriers are activated from their trapped states to the conduction band than micron size 

grains [104]. Since semiconductor ferrites are known for their gas-sensing activities; 

keeping this in mind the sensing activity of the ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 

(x=0.0- 0.5) ferrite series was studied.  

The gas sensing properties of the nickel doped cadmium cobalt ferrite series were 

investigated towards oxidizing gases like Cl2, NO2 and reducing gases like H2S, NH3 

and LPG at various operating temperatures. The ferrite sensor normally shows a change 

in resistance due to the reaction between the gas and the surface of the ferrite film [105]. 

The response of all the Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrites were tested toward the 

two gases namely, Cl2 and NO2 at room temperature Fig. 3.43. The response of the 

Cd0.5Co0.5Fe2O4 thick film sensor to various test gases at different temperatures is shown 

in Fig. 3.44. The sensor prepared with the ‘as prepared’ Cd0.5Co0.5Fe2O4 ferrite and ‘as 

prepared’ Cd0.4Ni0.1Co0.5Fe2O4 ferrite showed response towards NO2 gas with the 

response decreasing as the nickel concentration was increased (Fig. 3.43). A lesser 

response was shown towards Cl2 gas.  

 

Fig. 3.43 Response of ‘as prepared’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) to NO2 and Cl2 

gases at room temperature. 
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3.7.1 Gas sensing of Cd0.5Co0.5Fe2O4 

The ferrites show response towards chlorine and nitrogen dioxide gases; however 

greater response is shown towards NO2 gas. The maximum response was shown at 

room temperature and the response decreased with increase in temperature (Fig. 3.44). 

The maximum response was towards NO2 whereas a small response was observed 

towards chlorine gas. Ammonia, hydrogen sulphide and LPG gases did not give any 

appreciable response.  

 

Fig. 3.44 Temperature-dependent gas-sensing responses of ‘as-prepared’ 

Cd0.5Co0.5Fe2O4 towards different gases. 

The gas response characteristics of Cd0.5Co0.5Fe2O4 thick film was studied for all gases 

at room temperature as well as higher temperatures up to 300OC. The sensor showed a 

selective response towards NO2 gas as can be seen from Fig.3.44. The ability of a 

sensor to undergo a change in resistance to one gas among the several gases is called its 

selectivity [106]. In the present study, the ferrites show selectivity towards NO2 gas 

with relatively shorter response and recovery times. The response time is the time in 

which sensor reaches to its 90% of the maximum resistance of the film when exposed to 

any gas. In the present study, the response time for 100 ppm NO2 gas at room 

temperature was 20 sec (Fig. 3.45). The recovery time is the time required by the sensor 

to return back nearly to its initial stage [107]. In the present study, the recovery time for 

100 ppm NO2 gas at room temperature was 110 sec. The Cd0.4Ni0.1Co0.5Fe2O4 ferrite 
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sample showed the response time of 30 sec. and recovery time of 85 sec. for 100 ppm 

NO2 gas at room temperature but the response was much lower than that of 

Cd0.5Co0.5Fe2O4 (Fig. 3.45). 

A dynamic response of the sensor as a function of NO2 concentration in air at room 

temperature was measured. The response was measured by varying the NO2 

concentration from 30 ppm to 500 ppm. The correlation curve between the 

concentration of NO2 and the response of the gas sensor is depicted in Fig.3.46 which 

shows that, with increasing NO2 gas concentration, the response of Cd0.5Ni0.5Fe2O4 

thick film increases rapidly from 50 ppm and tends towards saturation beyond 300 ppm. 

 

Fig. 3.45 Response and recovery of ‘as prepared’ Cd0.5Co0.5Fe2O4 and 

Cd0.4Ni0.1Co0.5Fe2O4 towards 100 ppm of NO2 gas at room temperature. 

 

Fig. 3.46 Dynamic response of ‘as prepared’ Cd0.5Co0.5Fe2O4 towards different 

concentrations of NO2 gas at room temperature. 
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3.7.2 Mechanism of gas sensing 

Gas sensing is a surface related phenomena. The principle involved in sensing is the 

change in the resistance of the sensor due to the adsorption/desorption of the gas 

molecules on the surface and the interactions of these gas molecules with the surface of 

the sensor [108]. The sensor on exposure to air can adsorb oxygen onto its surface, 

which gets ionized to the chemisorbed species O2
-, O- and O2- by capturing electrons 

from the conduction band. At low temperatures O2
- is the most reactive species [109]. 

The reaction of this process may be explained as follows, 

O2 (g)   ↔    O2 (ad) 

O2 (ad)   +   e-    ↔   O2
-  (ad) 

 

The test gas (NO2) on coming in contact with the sensor interacts with the O2
- species 

releasing electrons back into the conduction band thereby decreasing the resistance of 

the sensor. The reaction proceeds as follows [110], 

NO2(g)   +   O2
-  (ad)   ↔   NO2

-(ad)   +   O2   +   e-    

 
 

The reduction in the resistance of the thick films on exposure to NO2 gas indicates n-

type of conduction in the ferrites. The release of electron increases the amount of charge 

carriers thereby decreasing the resistance [111]. The sensing property decreases with 

increase in temperature. This can be explained from the fact that at lower temperature 

the rate of chemical reaction is slow while at high temperatures the diffusion of the gas 

is higher which lowers the response. Thus the sensing response will be maximum when 

these two processes are in equilibrium with each other. 
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3.8 Summary 

The ferrite series nickel doped cadmium cobalt ferrites with the composition                               

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) was successfully synthesized by combustion method 

after optimization, using hexamine as fuel. For optimization, the ferrite 

Cd0.3Ni0.2Co0.5Fe2O4 was first synthesized with different oxidiser to fuel ratios namely, 

fuel deficient, fuel stoichiometric and fuel excess. The X-ray diffractogram revealed 

that all the samples were not obtained in single phase. The single phase cubic spinel 

ferrites were obtained when fuel deficient ratios and stoichiometric ratio was used 

whereas the ferrite synthesized with fuel excess ratios showed a trace of α-Fe2O3 as 

impurity. The lattice parameter of the synthesized ferrites also varied with the fuel ratio, 

wherein the fuel deficient ratios gave ferrites with a larger lattice parameter as 

compared to the fuel deficient ratios. The crystallite size increased as the fuel ratio 

increased. The oxidiser to fuel ratio studies revealed that the properties of the ferrite can 

be tuned by changing the oxidiser to fuel ratio. The saturation magnetization and 

coercivity increased as the fuel ratio increased, this could be due to the different amount 

of heat evolved during combustion which changes the distribution of cations in the 

different lattice sites for the different fuel ratios. The Curie temperature was lower for 

the fuel deficient samples as compared to the fuel excess samples. 

The ‘as-prepared’ ferrite was synthesized using the oxidiser to fuel ratio of 1:0.12. The 

powder X-ray diffraction showed the characteristic peaks of spinel phase with the lattice 

parameter decreasing with increase in nickel concentration. The unit cell volume, 

hopping lengths at the tetrahedral and octahedral site, X-ray density all decreased as the 

nickel content is increased. This is due to the smaller ionic size of nickel as compared to 

that of cadmium. The Infrared analysis showed two bands in the region 375-800 cm-1 

assigned to tetrahedral and octahedral metal oxygen stretching vibrations in spinel 

ferrites. The TEM images confirm the nano size nature of the ferrite. The composition 

of the ‘as-prepared’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrites was confirmed from 

elemental analysis. 

The variation of saturation magnetization was explained on the bases of Yafet–Kittel 

three lattice model. The saturation magnetization of the ‘as-prepared’ Cd0.5-

xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrites increases with increase in nickel concentration up 

to x=0.2 and then decreases as the nickel concentration is further increased. The 
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magnetic anisotropy increased with increase in nickel concentration which can be seen 

as the coercivity increases with nickel concentration. The non-saturated behaviour of 

the hysteresis loops at 50K indicates the presence of ordered core spins with random 

shell spin structure. The reduced remanant magnetization values are less than 0.5 

indicating that the samples have uniaxial anisotropy rather than cubic anisotropy at 

room temperature. The variation of saturation magnetization and coercivity with nickel 

concentration at 50K follows the same trend as that at room temperature. 

The MZFC and the MFC curves showed a change with nickel substitution, wherein the 

maxima of the MZFC shifted to higher temperature and the MFC showed a larger 

temperature independent region with increase in nickel concentration. The blocking 

temperature decreased with increase in the applied external field while increased with 

increase in nickel concentration. This indicates a shift from a superparamagnetic like 

behaviour to a highly anisotropic system as the nickel content is increased. 

The dielectric constant and loss tangent decreases as the frequency of the applied 

electric field is increases whereas both dielectric constant and loss tangent increases 

with increase in temperature. The increase in the dielectric constant with temperature is 

much larger at lower frequencies as compared to higher frequencies. The Curie 

temperature shifted to higher values with increase in nickel concentration. The 

susceptibility curves also indicate a change from superparamagnetic to single domain 

particles as the nickel concentration increases. The resistivity plots indicate a 

semiconductor behaviour for all the ferrites with decrease in resistivity as temperature 

increases. 

The ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) were obtained in single cubic spinel 

phase with no trace of any impurity peaks. The lattice parameter, unit cell volume, 

tetrahedral and octahedral hopping lengths, X-ray density and bulk density all decreased 

as the nickel concentration in the ferrite was increased. The porosity increases with 

nickel content due to the decrease in density of the ferrites. The Infrared spectra of the 

ferrites revealed the presence of three peaks in the region of 350-600 cm-1. The two 

bands are due to stretching of the metal oxygen bond at the tetrahedral and octahedral 

sites.  Both these bands shift to higher wavenumber as the nickel content increased. The 

third band was due to bending lattice vibration on the octahedral site. The Raman 

spectra of the sintered ferrite showed four peaks Eg, T2g(2), T2g(3) and A1g. No other 

peaks were observed in the spectrum which confirmed the cubic spinel phase of the 
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ferrite samples. The A1g, T2g(2) and Eg peaks from all the ferrites showed a blue shift to 

higher wave number with increase in nickel concentration. The Mössbauer spectra of 

the sintered ferrite was fitted with four six line Zeeman sextets due to the distribution of 

iron in the tetrahedral and octahedral sites. The spectra indicate the presence of iron in 

+3 oxidation state. 

The room temperature magnetic studies showed that the saturation magnetization 

increases with increase in nickel concentration up to x=0.2 and then the value starts 

decreasing. This indicates the presence Yaffet-Kitttle type magnetic structure ie. the 

octahedral lattice splits into two sub-lattices as the cadmium content was increased. The 

coercivity and remanence also increased as the nickel content increased indicating an 

increase in anisotropy in the ferrites with nickel substitution. This can also be seen in 

the trend of the MT curves, where the difference between the ZFC and FC curves 

increases with increase in nickel concentration. The trend in the MT curves also varies, 

changing from superparamagnetic to a highly anisotropic type curve. The blocking 

temperature increases with increase in nickel content and decreases for the same 

composition with increase in the applied magnetic field. The low temperature (50K) 

saturation magnetization is higher than the room temperature values while the coercivity 

shows a tremendous increase at 50K in ‘sintered’ Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) 

ferrites. The AC susceptibility measurement revealed that the temperature of transition 

from ferromagnetic to paramagnetic called the Curie temperature increased as the nickel 

doping increased. The curves also revealed that the ferrites with higher cadmium 

content have a larger fraction of superparamagnetic particles as compared to the nickel 

rich ferrites which have a larger fraction of single domain particles. The Curie 

temperature was also determined by initial permeability method and was found to be a 

close match with the values obtained from susceptibility measurements. 

The dielectric constant of the sintered ferrites showed a normal trend as seen in spinel 

ferrites wherein dielectric constant decreases with increase in frequency and increase 

with increase in temperature. The temperature variation is more pronounced at lower 

frequencies as compared to higher frequencies. The electrical resistivity indicates the 

semiconductor nature of the sintered ferrites.  

The ‘as-prepared’ Cd0.5Co0.5Fe2O4 and Cd0.4Ni0.1Co0.5Fe2O4 ferrites showed selective 

gas sensing properties towards NO2 gas. The sensing activity decreased with increase in 

nickel concentration. 
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Chapter 4 

Synthesis, characterization and solid state studies of 

NixCo1-xFe2O4 (x = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) 

4.1 Introduction 

Nanosize mixed metal oxides have been extensively studied over the last decade due to 

their interesting magnetic, electronic and optical properties which finds wide 

applications in different fields. The properties of these nanosize mixed metal oxides are 

strongly dependent on the size of the nanoparticles and differ distinctively from their 

bulk counterparts. Their size can be controlled by rational design and nano scale 

synthetic techniques [1]. Among these nanosize mixed metal oxides, the magnetic nano 

particles (MNPs) have applications in different fields such as information storage, 

permanent magnets, optics, catalysis, nano-medicine, etc. [2]. 

Nanoparticles of ferrites having spinel structure form an important class of these MNPs 

not only because of their technological applications but also from the point of 

understanding fundamental properties [3]. The properties of spinel ferrites can be tuned 

by substituting different metal cations for divalent as well as trivalent cations in the 

ferrite lattice [4]. For example, cobalt in cobalt ferrite can be replaced by nickel. Cobalt 

ferrite possesses thermal and chemical stability besides high magnetocrystalline 

anisotropy and a moderate saturation magnetization which makes it an important 

material for applications such as in magnetic recording, electronic devices, ferrofluids 

and hyperthermia [5]. Nickel ferrite on the other hand is a soft magnetic material and 

finds applications in transformer cores and inductors [6].  

The properties of ferrites are sensitive to the method of synthesis used. There are several 

different synthesis strategies to prepare ferrites as reported in literature including sol-

gel, co-precipitation, hydrothermal, precursor, auto-combustion, micro-emulsion, 

microwave [5,7] and newly developed precursor combustion method [8]. In this 

method, the mixed transition metal ions solution is added to a carboxylate solutions 

containing hydrazine to form mixed metal hydrazine-carboxylate complexes.  

In these complexes, besides metal carboxylate chemistry, the chemistry of hydrazine is 

also interesting [9] not only because it possesses a potent N–N bond, two free electron 
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pairs and four substitutable hydrogen atoms but also because it forms various 

complexes with transition metals [10]. Thermal reactivity of metal hydrazine complexes 

is of interest since the stability of these complexes changes dramatically, depending 

upon the carboxylate and other anions as well as the metal cations. Secondly, hydrazine 

being a fuel not only supports combustion but also lowers the decomposition 

temperature of the metal complexes [11]. These complexes are pyrophoric in nature and 

combust once ignited to give nanosized metal oxide [12]. These complexes are 

important precursors to obtain nanosized metal oxides, which can have interesting 

electrical, magnetic, sensing and catalytic properties [13,14]. 

The synthesis of hydrazinated nickel-cobalt ferrous succinate complexes, their thermal 

decomposition to nanosize ferrites and the solid state properties of these ferrites 

obtained, are reported in this chapter. The precursors were characterised to confirm the 

formula as well as their decomposition pattern which results in ‘as-prepared’ ferrites. 

These ferrites were characterised and the solid state properties of the ‘as-prepared’ 

ferrites was studied. The ‘as-prepared’ ferrites were then sintered at 1000oC for 10 hrs, 

characterised and studied for their solid state properties.  

 

4.2 Synthesis of NixCo1-xFe2(C4H4O4)3·6N2H4 (x= 0.0 - 1.0) by 

precursor combustion method 

The hexahydrazine nickel cobalt ferrous succinate precursors with the composition   

NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0-1.0) were synthesized according to the procedure 

given in section 2.2 of chapter II. These precursors were then characterized. 

 

4.3 Characterization of NixCo1-xFe2 (C4H4O4)3·6N2H4 (x = 0.0 - 

1.0) precursors 

The precursors were characterized to confirm the stoichiomety of the complexes. The 

hydrazine content was found out to determine the number of co-ordinated hydrazine 

molecules. The metal content was estimiated by titrimetric/gravimetric methods while 

the Carbon, Hydrogen and Nitrogen content were estimated by CHNS analysis. The 

thermal analysis was performed to study the decomposition of the precursors. 
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4.3.1 Elemental analysis 

The chemical analysis of the precursor was done to estimate the percentages of Ni, Co, 

Fe, C, H and N. The percentage of Ni, Co and Fe were found in accordance with the 

methods described in section 2.7.1 of chapter II and was found to match closely with the 

theoretical percentage of the respective metals [Table 4.1]. The carbon, hydrogen and 

nitrogen contents were determined using CHNS analysers which also match closely 

with the theoretical values [Table 4.1]. This confirms the formation of precursors with 

the appropriate stoichiometry NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0-1.0). The hydrazine 

content of the precursors was obtained under Andrew’s conditions by titrating against 

0.05 mol/L KIO3 solution. The observed percentage of hydrazine [Table 4.1] matches 

well with the theoretical percentage, considering NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 

to 1.0) as formula of the precursors.  

 

Table 4.1 Metal contents, CHNS analysis and hydrazine analysis of the                                   

NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0) precursors (in bracket theoretical %).  

X Co Ni Fe C N H N2H4 

0.0 
8.19       

(8.27) 
-- 

15.72 

(15.72) 

20.08 

(20.21) 

23.14 

(23.64) 

5.02 

(5.07) 

27.28 

(27.02) 

0.2 
6.61 

(6.64) 

1.64 

(1.65) 

15.71  

(15.72) 

20.10 

(20.27) 

23.41 

(23.64) 

4.98 

(5.07) 

27.39 

(27.02) 

0.4 
4.94 

(4.97) 

3.28 

(3.30) 

15.66 

(15.72) 

20.29 

(20.27) 

23.46 

(23.64) 

4.99 

(5.07) 

26.61 

(27.02) 

0.5 
4.13 

(4.15) 

3.86 

(4.13) 

15.66 

(15.72) 

20.49 

(20.27) 

23.16 

(23.64) 

4.96 

(5.07) 

26.91 

(27.02) 

0.6 
3.22 

(3.32) 

4.93 

(4.96) 

15.70 

(15.72) 

19.42 

(20.27) 

22.96 

(23.65) 

4.81 

(5.07) 

27.23 

(27.02) 

0.8 
1.61 

(1.65) 

6.57 

(6.61) 

15.72 

(15.72) 

20.04 

(20.27) 

23.68 

(23.64) 

5.44 

(5.07) 

27.74 

(27.03) 

1.0 --- 
8.18     

(8.28) 

15.64 

(15.72) 

20.35 

(20.27) 

23.51 

(23.64) 

5.04 

(5.07) 

27.67 

(27.03) 
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Based on this elemental analysis, the composition of the precursors was confirmed and 

assigned as NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0-1.0). 

 

4.3.2 Infrared analysis 

The Infrared spectrum of the precursors were recorded in the range of 4000 to 400 cm-1 

(Fig. 4.1). The Infrared spectrum of the precursors shows four absorption bands in the 

region 3359-3188 cm-1 due to N-H stretching. The N-N stretching frequency at ~967 

cm-1 proves that the six hydrazine molecules act as bidentate bridging ligands [15]. The 

asymmetric and symmetric stretching frequencies of the carboxylate ion were observed 

at 1621 cm-1 and 1415 cm-1, respectively with Δγ (γasym-γsym) separation of 206 cm-1, 

which indicates that both the carboxylate groups in the dianion are linked to the metal 

through a monodentate linkage [16]. The bands at 2960 cm-1 and 2917 cm-1 are due to 

asymmetric C-H stretching. The band at 1123 cm-1 is observed due to NH2 waging and 

the bands at 661 cm-1 and 583 cm-1 are due to NH2 rocking. The Infrared data confirms 

the formation of hexahydrazine nickel cobalt ferrous succinate precursors. The 

remaining bands observed in the spectra for all the precursors are shown in Table 4.2. 

 

Fig. 4.1 Infrared spectra of the NixCo1-xFe2(C4H4O4)3.6N2H4 (x = 0.0 - 1.0) precursors. 



163 
 

Table 4.2 The wavenumber of the bands in the Infrared spectra of the precursors, 

NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0). 

 

4.3.3 Thermal analysis 

The thermogram of CoFe2(C4H4O4)3·6N2H4 is shown in Fig. 4.2a. The curve shows 

three major mass loss regions. The initial mass loss of 2.89 % from RT to 130oC is due 

to loss of adsorbed moisture. This is followed by a mass loss of 27.22 % from 130oC to 

240oC is due to loss of all six hydrazine molecule in the precursor. The DTA curve 

shows a broad exothermic peak at 166oC due to this dehydrazination. A mass loss of 

24.46 % from 240oC to 300oC and 10.85 % from 300oC to 400oC is due to loss of two 

succinate molecule and one succinate molecule, respectively of the precursor. The DTA 

curve shows a sharp exotherm in this region with peaks at 294oC and 303oC. 

The TG-DTA trace of Ni0.2Co0.8Fe2(C4H4O4)3·6N2H4 is shown in Fig. 4.2b. The 

thermogram shows initial mass loss of 1.89 % from RT to 130oC due to loss of adsorbed 

IR bands (cm-1) 0.0 0.2 0.4 0.5 0.6 0.8 1.0 

N-H stretch 
3355-

3183 

3355-

3183 

3361-

3188 

3359-

3188 

3362-

3176 

3355-

3183 

3357-

3177 

C-H asym 2950 2957 2958 2960 2957 2957 2961 

C-H sym 2910 2909 2918 2917 2919 2917 2918 

COO- asym 1627 1626 1627 1621 1619 1621 1613 

COO- sym 1407 1413 1406 1415 1406 1408 1407 

NH2 deformation 1544 1551 1557 1546 1551 1549 1542 

C-C sym 1215 1217 1214 1218 1214 1217 1217 

NH2 wagging 1126 1125 1124 1123 1125 1126 1129 

N-N sym 968 967 972 967 967 965 965 

N-N bend 796 803 801 800 803 793 803 

NH2 rock 
667,5

84 
651,583 660,579 661,583 658,588 661,582 661,577 
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moisture. The six hydrazine molecules are lost in two steps; first two molecules are lost 

from 130oC to 160oC as indicted by a mass loss of 7.90 % this is followed by the loss of 

the remaining four hydrazine molecules from 160oC to 235oC with a mass loss of 20.17 

%. The DTA curve shows a small exothermic peak at 160oC and a sharp exothermic 

peak at 183oC due to this dehydrazination. A mass loss of 31.08 % from 235oC to 310oC 

and 5.49% from 310oC to 400oC is due to loss of two and one succinate molecules, 

respectively of the precursor. The DTA curve shows a sharp exotherm in this region 

with peak at 310oC. 

Fig. 4.2c shows the TG-DTA trace of Ni0.4Co0.6Fe2(C4H4O4)3·6N2H4. The precursor first 

losses adsorbed moisture and shows a mass loss of 1.89% from RT to 135oC. The six 

hydrazine molecules are lost in a single step as indicted by a mass loss of 30.10 % from 

135oC to 155oC. The DTA curve shows a sharp exothermic peak at 151oC due to 

dehydrazination.  A mass loss of 4.79 % from 155oC to 170oC and 8.32% from 170oC to 

240oC is due to loss of the first succinate molecules. The remaining two succinate 

molecules of the precursor are lost between 240 and 400oC as indicated by a mass loss 

of 20.67 %. The DTA curve shows sharp exotherms in this region with peaks at 190oC, 

195oC and 305oC due to decarboxylation. 

The TG-DTA trace of Ni0.5Co0.5Fe2(C4H4O4)3·6N2H4 is shown in Fig. 4.2d. The 

thermogravimetry curve shows four major mass loss regions from room temperature to 

800oC. The mass loss of 2.30 % from RT to 130oC is due to loss of adsorbed moisture. 

The mass loss of 5.68 % and 22.86 % from 130oC to 155oC and from 155oC to 235oC is 

due to loss of one hydrazine molecule and five hydrazine molecules, respectively. The 

DTA curve shows a small exothermic peak at 151oC and a sharp exothermic peak at 

182oC due to this dehydrazination. A mass loss of 14.2 % from 235oC to 290oC and 

20.83 % from 290oC to 400oC is due to loss of one succinate molecule and two 

succinate molecules, respectively of the precursor. The DTA curve shows two sharp 

overlapping exotherms in this region with peaks at 290oC and 303oC.  

The TG-DTA trace of Ni0.6Co0.4Fe2(C4H4O4)3·6N2H4 is shown in Fig. 4.2e. The six 

hydrazine molecules are lost in two steps; first two molecules are lost from 100oC to 

150oC as indicted by a mass loss of 9.16 %, this is followed by the loss of the remaining 

four hydrazine molecules from 150oC to 200oC with a mass loss of 18.54 %. The DTA 

curve shows a broad exothermic peak at 170oC due to this dehydrazination.  A mass 

loss of 39.38 % from 200oC to 400oC is due to the loss of all three succinate molecules  
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Fig. 4.2 TG-DTA curves of NixCo1-xFe2(C4H4O4)3·6N2H4 (x = {a=0.0; b=0.2; c=0.4; 

d=0.5; e=0.6; f=0.8 and g=1.0}) precursor. 

a b 

c d 

e f 

g 
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of the precursor. The DTA curve shows a sharp exotherm in this region with peak at 

301oC. 

Fig. 4.2f shows the TG-DTA trace of Ni0.8Co0.2Fe2(C4H4O4)3·6N2H4. The precursor first 

losses adsorbed moisture and shows a mass loss of 1.42% from RT to 135oC. The six 

hydrazine molecules are lost in a single step as indicted by a mass loss of 38.08 % from 

135oC to 225oC. The DTA curve shows a sharp exothermic peak at 204oC due to 

dehydrazination. Three succinate molecules of the precursor are also lost in one step 

between 225 and 400oC as indicated by a mass loss of 38.97 %. The DTA curve shows 

a sharp exotherm in this region with a peak at 305oC. 

The thermogram of NiFe2(C4H4O4)3·6N2H4 is shown in Fig. 4.2g. The curve shows four 

major mass loss regions. After negligible initial loss due to adsorbed moisture, the first 

major mass loss of 9.12 % from 100oC to 145oC is due to loss of two hydrazine 

molecule in the precursor which is immediately followed by loss of remaining four 

molecules of hydrazine from 145 to 240oC.  This is accompanied by small exothermic 

peak at 151oC and a sharp exothermic peak at 182oC due to this dehydrazination. A 

mass loss of 24.46 % from 240oC to 300oC and 10.85 % from 300oC to 400oC is due to 

loss of two succinate molecule and one succinate molecules, respectively of the 

precursor. However, the DTA curve shows a sharp exotherm in this region with a peak 

at 303oC. 

 

4.3.4 Isothermal mass loss studies 

The isothermal mass loss study at different temperatures and the total mass loss studies 

of the different precursors is shown in Table 4.3. The precursors show a small variation 

in the decomposition pattern, with respect to, dehydrazination and the loss of the 

succinate group. In general, precursors desorb moisture which is seen with a weight loss 

and an increase in hydrazine content from room temperature to 80ºC [Table 4.4]. 

The precursor CoFe2(C4H4O4)3·6N2H4 loses moisture from RT to 80ºC which is also 

indicated by an increase in hydrazine content in this region. The decomposition of the 

precursor starts after 80ºC with dehydrazination followed by decarboxylation. The mass 

loss indicates that the precursor loses one hydrazine molecules between 80-100ºC, three 

hydrazine molecules between 100-130ºC and the last two molecules between 130-150ºC 
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[Table 4.4]. The decomposition of the succinate group starts at 200ºC and is complete at 

300ºC.  

The dehydrazination of the precursor Ni0.2Co0.8Fe2(C4H4O4)3·6N2H4 takes place in two 

steps. The first two molecules of hydrazine are lost up to 130ºC while the remaining 

four are lost between 130 to 150ºC. The hydrazine content in this region shows a 

decrease and becomes zero at 150 ºC [Table 4.4] further confirming the decomposition 

pattern. The loss of the three succinate group takes place in two steps; two succinate 

groups are first lost from 200-250 ºC while the third is lost between 250-300 ºC.  

The precursor Ni0.4Co0.6Fe2(C4H4O4)3·6N2H4 starts dehydrazination at 80 ºC; first two 

molecules of hydrazine and then four molecules of hydrazine are lost between 80-130ºC 

and 130-160 ºC, respectively. The hydrazine content in this region shows a decrease and 

becomes zero above 160ºC further confirms the decomposition pattern. The loss of the 

three succinate group takes place between 200 to 300ºC. The decomposition of the 

succinate starts at 200ºC with the loss of half a molecule up to 250ºC. The remaining 

succinate groups are lost between 250-300ºC.  

For the precursor Ni0.5Co0.5Fe2(C4H4O4)3·6N2H4, from RT to 100oC a mass loss of   

5.28 % is observed. The hydrazine analysis in this range shows an increase in hydrazine 

content thus indicating that this loss is due to adsorbed moisture on the powder. In the 

temperature range of 100-130oC a mass loss of 13.45 % was observed. The hydrazine 

analysis carried out at this temperature gives a value of 13.29 %, corresponding to the 

loss of four hydrazine molecules. From 130-150oC, a mass loss of 8.54 % coupled with 

hydrazine analysis indicated the loss of the two remaining hydrazine molecule [Table 

4.4]. Between 150-300oC the decomposition of the succinate group starts, the first 

succinate group is lost at ~250oC and then the remaining two groups are lost. Above 

300oC, the marginal loss observed is due to unburnt carbon formed during the 

combustion process. 

The dehydrazination of the precursor Ni0.6Co0.4Fe2(C4H4O4)3·6N2H4 begins above 80ºC, 

first two molecules of hydrazine are lost up to 130ºC, the hydrazine analysis at 130 ºC 

confirmed the loss of the first two hydrazine molecules. The remaining four molecules 

are lost between 130 to 160ºC. The hydrazine content in this region shows a decrease 

and becomes zero at 160ºC [Table 4.4] further confirming dehydrazination is complete 

at this temperature. The loss of the three succinate group takes place in the temperature 
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range of 180 to 300ºC with the loss of the first succinate group in the temperature range 

180-250ºC and the remaining two groups between 250-300ºC.  

The precursor Ni0.8Co0.2Fe2(C4H4O4)3·6N2H4 starts dehydrazination at 80 ºC, the first 

molecule of hydrazine is lost between 80-130ºC, four molecules of hydrazine are lost 

between 130-150ºC and the last hydrazine molecule is lost at 160ºC [Table 4.4]. The 

hydrazine content obtained at 130ºC indicates that four molecules of hydrazine are 

remaining in the precursor. The hydrazine content at 150ºC, confirms that one molecule 

of hydrazine is still remaining in the precursor. The hydrazine content becomes zero 

only at 160ºC, where complete dehydrazination is achieved. The loss of the three 

succinate group takes place between 180 to 300ºC. The decomposition of the succinate 

starts at 180ºC with the loss of the first succinate molecule up to 250ºC while the 

remaining two succinate groups are lost between 250-300ºC.  

 

Table 4.3 Isothermal mass loss studies and total mass loss of the precursors,           

NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0). 

  Temperature Range (ºC)  

  80-

100 

100-

130 

130-

150 

150-

180 

180-

200 

200-

250 

250-

300 

300-

350 

350-

400 

Total 

Mass 

Loss 

0.0 

M
as

s 
L

o
ss

 (
%

) 

4.46 14.30 7.62 1.15 2.38 7.91 27.89 0.00 0.33 66.43 

0.2 3.04 7.88 15.41       4.54 21.87 14.32 0.00 0.00 67.56 

0.4 2.11 7.27 17.44 2.03 0.7 6.96 29.47 0.00 0.63 66.62 

0.5 5.28 13.45 8.54 4.83 9.37 24.84 1.08 66.93 

0.6 2.86 9.25 12.81 3.59 2.84 9.83 26.81 0.29 67.18 

0.8 3.85 8.27 15.24 4.84 4.18 9.82 24.15 0.00 0.00 67.08 

1.0 1.95 8.83 12.56 3.99 3.65 16.05 18.08 1.53 0.00 66.64 

 

The precursor NiFe2(C4H4O4)3·6N2H4, loses moisture from RT to 80ºC which is also 

indicated by an increase in hydrazine content in this region [Table 4.4]. The 
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decomposition of the precursor starts at 80ºC with dehydrazination. The mass loss 

indicates that the precursor loses two hydrazine molecules up to 130ºC, three molecules 

between 130-150ºC and the last molecule is lost up to 160ºC [Table 4.4]. The 

decomposition of the succinate group begins at 180 ºC and is complete at 300 ºC.  

To further confirm the way the precursors decompose to form the oxide, the 

decomposition was monitored by Infrared spectroscopy. The precursors were heated at 

the predetermined temperatures for fifteen minutes, cooled and the Infrared spectra were 

recorded (Fig. 4.3a-g).  Hydrazine loss starts at around 100oC [Table 4.4]. Thereafter, 

there is decrease in the intensity of the N-H stretching peak (3358-3187 cm-1) and the 

N-N stretching peak (~967 cm-1) with increase in temperature from 100oC to 150oC 

which indicates that there is a gradual loss of hydrazine from the precursors. These 

peaks disappear at ~150oC (Fig. 4.3a-g) as well as hydrazine percentage in the precursor 

becomes zero [Table 4.4] which indicates the complete loss of hydrazine. Above 150oC 

the decomposition of the succinate group starts.    

 

Table 4.4 Hydrazine content of the precursors NixCo1-xFe2(C4H4O4)3·6N2H4                 

(x = 0.0 -  1.0) at various temperatures. 

 

  Temperature (ºC) 

 

 

RT-100 110 120 130 140 150 160 

0.0 

H
y
d
ra

zi
n
e 

co
n
te

n
t 

(%
) 

27.28-26.96 24.85 21.51 10.19 0.00 0.00 0.00 

0.2 27.39-27.41 27.60 25.75 19.04 9.16 0.00 0.00 

0.4 27.61-27.62 27.31 26.57 23.71 18.65 12.29 2.51 

0.5 26.91-26.55 26.55 23.32 13.29 5.24 0.00 0.00 

0.6 27.23-27.13 27.36 25.59 20.19 5.69 1.53 0.00 

0.8 27.74-27.23 26.82 23.27 21.91 11.97 6.06 0.00 

1.0 27.67-27.80 26.99 25.02 18.17 9.43 3.93 0.00 
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Fig. 4.3a Infrared spectrum showing the decomposition of CoFe2(C4H4O4)3·6N2H4 

precursor with change in temperature. 

 

Fig. 4.3b Infrared spectrum showing the decomposition of 

Ni0.2Co0.8Fe2(C4H4O4)3·6N2H4 precursor with change in temperature. 

 

 

Fig. 4.3c Infrared spectrum showing the decomposition of 

Ni0.4Co0.6Fe2(C4H4O4)3·6N2H4 precursor with change in temperature. 
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Fig. 4.3d Infrared spectrum showing the decomposition of 

Ni0.5Co0.5Fe2(C4H4O4)3·6N2H4 precursor with change in temperature. 

 

Fig. 4.3e Infrared spectrum showing the decomposition of 

Ni0.6Co0.4Fe2(C4H4O4)3·6N2H4 precursor with change in temperature. 

 

 

Fig. 4.3f Infrared spectrum showing the decomposition of 

Ni0.8Co0.2Fe2(C4H4O4)3·6N2H4 precursor with change in temperature. 
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Fig. 4.3g Infrared spectrum showing the decomposition of NiFe2(C4H4O4)3·6N2H4 

precursor with change in temperature. 

 

4.3.5 Total mass loss studies 

The total mass loss studies [Table 4.5] of the precursor were carried out by heating the 

precursors in a furnace at 400ºC in presence of air. The mass loss matches closely with 

the expected results. These results also match with the overall mass loss obtained during 

isothermal mass loss studies and the total mass loss in thermogravimetric analysis. 

 

Table 4.5 Total mass loss studies of NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0) 

precursors. 

Total Mass Loss 

(%) 
0.0 0.2 0.4 0.5 0.6 0.8 1.0 

Heating at 400ºC 66.43 67.56 66.62 66.93 67.18 67.08 66.64 

TG 65.43 67.56 66.16 65.87 67.08 67.05 66.45 

Isothermal Mass 

Loss 
66.40 67.06 66.61 67.4 67.18 66.73 66.64 

Expected 66.98 66.99 66.99 66.99 66.99 67.00 67.01 
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4.4 Characterization of the ‘as-prepared’ NixCo1-xFe2O4 (x = 

0.0 - 1.0) ferrite 

The precursors were thermally decomposed to give the ‘as-prepared’ ferrites. These 

ferrites were characterized to confirm the formation of pure spinel phase. Various 

techniques were employed to characterize the ferrites such as XRD, FTIR spectroscopy 

and TEM. 

 

4.4.1 X-ray diffraction analysis 

The X-ray diffractograms of the ‘as-prepared’ NixCo1-xFe2O4 (x = 0.0 - 1.0) is shown in 

Fig. 4.4. The diffraction lines provide clear evidence for the formation of cubic spinel 

ferrite phase. The diffractograms show major characteristic peaks at 30.20o, 35.58o, 

43.26o, 53.69o, 57.22o and 62.85o which can be indexed with the (220), (311), (400), 

(422), (511) and (440) diffraction planes which are the characteristic planes of a cubic 

spinel ferrite phase [17].  No diffraction peaks corresponding to secondary or impurity 

peaks were detected in the X-ray spectra. It can be seen from Fig 4.4, that the (311) 

peak shifts to higher 2θ values with increase in nickel concentration. The lattice 

parameters of the ‘as-prepared’ ferrite series are given in Table 4.6. The lattice 

parameter (a) shows a decrease with increase in nickel concentration (Fig. 4.5). This is 

due to the smaller ionic radius of Ni2+ (0.69Å) as compared with that of Co2+ (0.74Å). 

Substitution of Co2+ by Ni2+ in the crystal lattice leads to a decrease in the size of the 

unit cell [18].  The unit cell volume also follows the same trend as that of the “a”. 

The average crystallite size calculated using Scherrer’s formula is reported in Table 4.6 

It was found to be in the range of 20 to 32 nm. The distance between the ions in the 

tetrahedral site called the tetrahedral hopping length (LA) and the distance between the 

ions on the octahedral sites called the octahedral hopping length (LB), the volume of the 

unit cell (V), the X-ray density (dx), the bulk density (dm) and Porosity (P) of the ‘as-

prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites are given in Table 4.6. The tetrahedral 

and octahedral hopping lengths decrease with increase in nickel concentration in the 

ferrites (Fig. 4.6). The X-ray density increased with increase in nickel concentration 

while it varies inversely with respect to the lattice parameter (Fig. 4.5). The bulk density 

on the other hand decreased with increase in nickel concentration. The lower bulk 
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density as compared to the X-ray density indicates the presence of pores in the powders 

which results in increase in porosity with nickel concentration. 

 

Fig. 4.4 X-ray Diffraction spectra of ‘as-prepared’ NixCo1-xFe2O4 (x = 0.0 - 1.0). 

 

Table 4.6 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), 

Tetrahedral hopping length (LA), Octahedral hopping length (LB), X-ray density (dx), 

Bulk density (dm) and Porosity (P) of the ‘as-prepared’ NixCo1-xFe2O4 (x = 0.0 - 1.0) 

ferrites. 

X a      

(Å) 

D    

(nm) 

V   

(Å3) 

LA    

(Å) 

LB    

(Å) 

dx 

(g/cm3) 

dm 

(g/cm3) 

P 

(%) 

0.0 8.383 20 589 3.630 2.964 5.29 2.60 50.8 

0.2 8.375 23 587 3.627 2.961 5.30 2.48 53.3 

0.4 8.368 20 585 3.623 2.958 5.31 2.29 56.9 

0.5 8.366 26 585 3.623 2.958 5.32 2.15 59.5 

0.6 8.363 25 584 3.621 2.957 5.33 2.06 61.3 

0.8 8.351 26 582 3.616 2.952 5.34 2.01 62.3 

1.0 8.342 32 580 3.612 2.949 5.36 1.92 64.2 
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Fig. 4.5 Variation of lattice parameter and X-ray density of ‘as-prepared’             

NixCo1-xFe2O4 (x = 0.0-1.0). 

 

Fig. 4.6 Variation of tetrahedral and octahedral hopping lengths of ‘as-prepared’ 

NixCo1-xFe2O4 (x = 0.0-1.0). 

                                                        

4.4.2 Infrared analysis 

The FTIR spectra of ‘as-prepared’ NixCo1-xFe2O4 (x = 0.0-1.0) studied in the frequency 

range 375-1000 cm-1are shown at Fig. 4.7. The figure shows two major absorption 

bands in the frequency range 375-800 cm-1 which are characteristics of spinel ferrites 

[19]. The higher frequency absorption band (γ1) is caused by the stretching vibrations of 

the tetrahedral metal-oxygen bond and the lower frequency absorption band (γ2) is 

caused by the metal-oxygen vibration in octahedral sites. These bands are characteristic 

of the spinel structure. The M-Otet band was observed at ~600 cm-1 while the M-Ooct 

band was at ~406 cm-1 [Table 4.7]. The difference in the band positions are expected 
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because the bond lengths of Fe3+- O2- bond are not equal for the tetrahedral and 

octahedral sites. It was found that the Fe-O distance on the A-site (1.89 Å) is smaller 

than that on the B-site (1.99 Å) [20]. A third band which was seen in other ferrite series 

at ~352 cm-1 (γ3) could not be measured here [21]. The γ1 band shifts to a higher 

wavenumber as the nickel concentration increases [Table 4.7]. This is because Ni2+ ions 

prefer to occupy the octahedral sites in the spinel lattice which it does by pushing the 

Fe3+ ions from octahedral sites to tetrahedral sites. Thus increase in nickel concentration 

increases bond strength at the tetrahedral site which results in an increase in γ1.   

 

Fig. 4.7 Infrared spectra of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 

 

Table 4.7 The M-O stretching frequencies in the tetrahedral (γ1) and octahedral (γ2) 

sites of the ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 

Ni Concentration 

(X) 
0.0 0.2 0.4 0.5 0.6 0.8 1.0 

γ1 (cm-1) 593 596 599 602 603 608 609 

γ2 (cm-1) 405 404 406 405 407 407 410 
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4.4.3 Raman spectra 

The room temperature Raman spectra of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-1.0) 

ferrites is shown in Fig 4.8. All the compositions have the face centred cubic spinel 

structure with each unit cell containing 56 atoms. The smallest Bravais lattice has 14 

atoms and hence will give rise to 42 vibrational modes. Group theory calculations 

predict that the modes are  

Γ = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 4T1u + 2T2u 

where A, E, and T notations are one, two, and three dimensional representations, 

respectively and the subscript ‘g’ indicates the symmetry of the vibration mode with 

reference to the centre of inversion. Of these modes, the optical modes A1g, Eg and 3T2g 

are Raman-active while the 4T1u are the Infrared active modes [22, 23]. The presence of 

an inversion centre in the space group of ferrites means that the Raman active modes 

will not be IR active and vice versa. The remaining vibrational modes 2A2u, 2Eu, 2T2u 

and T1g are inactive modes. The positions of the Eg, T2g(2), T2g(3) and A1g peaks are 

given in Table 4.8.  The A1g mode which arises due to the symmetric stretch of oxygen 

atoms along Metal-Oxygen bonds at the tetrahedral site was observed at ~690 cm-1 in 

the present study [24]. This is the most prominent peak in all the ferrites which confirms 

the formation of the pure spinel phase. The peak shows a blue shift to higher 

wavenumber with increase in the nickel concentration in the ‘as-prepared’ NixCo1-

xFe2O4 (x =0.0-1.0) ferrites. The position of the bands in a Raman spectrum depends on 

the force constant of the bond involved [25], higher force constant will cause the band 

to appear at higher wavenumbers. The introduction of nickel into the octahedral sites 

will cause a shift of an equivalent number of Fe3+ ions into the tetrahedral sites 

replacing the outgoing Co2+ ions. The smaller size of the ferric ions will result in an 

increase in the Fe3+-O2- bond strength at the tetrahedral site. This will cause an increase 

in the force constant of the bond at the tetrahedral site resulting in a shift in the position 

of the band to higher wavenumber. The intensity of this peak increases with nickel 

content with the peak showing the maximum intensity for NiFe2O4. The A1g peaks show 

a shoulder at a lower wave number and the intensity of this shoulder peak increase as 

the nickel concentration increases [26]. This is the result of the presence of two ions, the 

Fe3+ and the Ni2+ at the tetrahedral site, indicating the inverse spinel nature of the 

ferrites with higher nickel concentrations. 
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The Eg mode is due to the symmetric bending of the oxygen atoms along the M-O bond, 

since this mode involves bending its intensity is much lower. The Eg mode also shifts to 

higher wave number as the nickel content in the ferrite series increases [Table 4.8]. The 

T2g (3) mode arises due to asymmetric bending of oxygen with respect to the metal and 

the T2g (2) mode is due to asymmetric stretch of M-O bond at the octahedral site; both 

are observed in the range of 536-561 cm-1 and 462-475cm-1, respectively [27, 28]. The 

intensities of the modes increase in the order Eg < T2g(2) < T2g(3) < A1g. The presence of 

Fe2O3 can be detected by sharp peaks at ~240 cm-1 and ~300 cm-1 [29]. Since, no peak 

is observed in all the spectra at ~240 cm-1 and the peak at ~300 cm-1 is broad and of low 

intensity and belongs to the Eg mode of the ferrite, we can conclude the absence of 

Fe2O3 and hence the single phase nature of the ferrite series.   

 

Fig 4.8 Raman spectra of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 
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Table 4.8 Raman vibrational modes of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-1.0) 

ferrites. 

Ni Concentration 

(x) 

Peak Position (cm-1) 

Eg T2g (2) T2g (3) Shoulder A1g (2) 

0.0 304 464 538 609 683 

0.2 308 465 536 610 685 

0.4 311 462 542 609 683 

0.5 312 468 541 643 686 

0.6 319 468 544 645 687 

0.8 320 474 555 657 691 

1.0 335 475 561 666 695 

 

4.4.4 X-ray photoelectron spectroscopy 

The full scan XPS spectra of ‘as-prepared’ NiXCo1-xFe2O4 (x = 0.0 – 1.0) ferrite series at 

room temperature is shown in Fig. 4.9. It can be seen from the figure that Co, Ni, Fe and 

O are all present in the samples.  No other impurity was detected in the spectra up to a 

binding energy of 1000 eV, except C which may have got deposited on the surface 

during the sample preparation. This further confirms the purity of the samples obtained. 

The valence state of iron, cobalt and nickel will decide the overall magnetic and 

dielectric properties of the ferrites and hence it is important to know the oxidation states 

of metal ions which were confirmed from XPS technique. The high resolution scans of 

Ni, Co, Fe and O of a representative ferrite sample i.e. Ni0.5Co0.5Fe2O4 are shown in 

figure 4.10. The binding energy values of Ni, Co, Fe and O in ‘as-prepared’ NixCo1-

xFe2O4 (x = 0.0 -1.0) ferrite samples are tabulated in Table 4.9. 

The XPS spectrum of Co 2p3/2 exhibits a peak at 781.7 eV (Fig. 4.10) which is due to 

Co2+ ions present in tetrahedral sites. No peak was observed at a lower binding energy 

of 789 eV which rules out the presence of Co2+ at the octahedral site. The satellite peak 

at ~787 eV i.e. 5 eV higher than the main peak confirms the high spin state of Co2+ ions 

[30]. The presence of low spin Co3+ gives low intensity or no satellite peaks. The 

presence of satellite peaks in all the ferrite samples under present investigations rules 
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out the presence of Co3+(L.S) and confirms that the cobalt is exclusively present in high 

spin Co2+ state. The Co 2p1/2 peak at ~795 eV is also observed in some of the ferrites 

[30]. The core level nickel scan can be fitted with two peaks. The 2p3/2 peak is seen at a 

B.E of ~855 eV along with a satellite peak at ~862 eV and 2p1/2 peak at a B.E of ~873 

eV in all the ferrite samples. No shoulder is detected in the peaks indicates that no Ni2+ 

ion has oxidised to Ni3+ ion, during the synthesis [31, 32]. 

 

Table 4.9 The binding energy values of ‘as-prepared’ NixCo1-xFe2O4 (x = 

0.2,0.4,0.5,0.6,0.8). 

 

The Fe 2p3/2 core electron spectrum reveals two asymmetric peaks due to Fe in two 

different lattice sites. The peaks with B.E of 710.5 eV is due to Fe3+ in the tetrahedral 

sites while the peak at ~713 eV can be attributed to Fe3+ at the octahedral sites [33, 34]. 

A satellite peak with B.E ~8 eV higher than the main peak was also observed in all the 

ferrite samples. The occurrence of this satellite peaks confirms Fe is in +3 oxidation 

Element Peak 0.2 0.4 0.5 0.6 0.8 

Co 

2p3/2 781.7 777.9 781.7 781.9 781.6 

Satellite 788.3 785.7 787 786.4 786.9 

2p1/2 795.4 798 795 794.2 795 

Ni 

2p3/2 855.3 854.7 855 855.6 855.6 

Satellite 859.7 861.2 861.3 861.8 861.9 

2p3/2 873 873.1 874.3 873 873.8 

Fe 

2p3/2 710.3 710.2 710.5 710.7 710.7 

2p3/2 713 713.5 712.6 712.5 713.8 

Satellite 718 717.3 717.4 718.5 718.1 

2p1/2 724 723.6 724.8 725 724.9 

O 1s 
528.6, 

531.7 

529.1, 

531.7 

528.9, 

531.7 

528.5, 

531.6 

529.6, 

531.9 
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state and also confirms the high spin nature of Fe3+. The possibility of metallic iron 

being present can also be ruled out [35]. The Fe 2p1/2 peak observed at ~724 eV can also 

be assigned to Fe3+ ionic state [36, 37]. The core level spectrum of oxygen 1S in the ‘as-

prepared’ ferrites show peaks at ~529 eV and ~531.7 eV. The peak at higher binding 

energy is attributed to the presence of O2- ions and the peak at lower binding energy 

peak is due to the chemisorbed hydroxyl groups (or water) on the surface [38].  

 

Fig. 4.9 Full scan XPS spectra of ‘as-prepared’ NixCo1-xFe2O4 (x = 0.0 - 1.0).

 

Fig. 4.10 High resolution XPS scans of ‘as prepared’ Ni0.5Co0.5Fe2O4. 
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4.4.5 Transmission electron microscopy 

In order to obtain the morphology, shape and to confirm the size of the ‘as-prepared’ 

NixCo1-xFe2O4 (x = 0.0-1.0) ferrites, the transmission electron microscopy images of the 

samples were taken and are shown in Fig. 4.11. The images show that the particles have 

a cuboidal shape and their size lies in the range of 10-25 nm. The sizes obtained 

matches closely with the average crystallite size obtained from XRD. The size 

distribution is small with little agglomeration. The SAED patterns confirm the 

crystalline nature of the ferrite particles. 

 

 

 

  

Fig. 4.11 TEM micrographs and SAED pattern of ‘as-prepared’ NixCo1-xFe2O4          

  (x =0.0-1.0) ferrites. 
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4.5 Solid state properties of the ‘as-prepared’ NixCo1-xFe2O4  

(x = 0.0 - 1.0) ferrites. 

The properties of the ferrites are sensitive to the method of preparation. In this section 

the variation of properties of the ‘as-prepared’ NixCo1-xFe2O4 ferrites with increasing 

nickel contents, are discussed.  

 

4.5.1 Magnetic properties 

The magnetic properties of the ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-1.0) ferrites were 

studied as a function of temperature as well as a function of the applied field. The 

variation of the magnetic moment as a function of the applied field was studied in the 

range of -3T to 3T, at room temperature and at 50K. The low temperature curves were 

obtained after the samples were zero field cooled as well as field cooled, in an applied 

field of 3T.  

The room temperature magnetization curves of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-

1.0) ferrites are shown in Fig. 4.12. The saturation magnetization (Ms) values (Fig. 

4.13) was found to be lower than the reported bulk values [39]. The reduction in size 

increases the number of surface atoms. These surface atoms have a random orientation 

of spins as compared to the core; this decreases the magnetization of the nano sized 

ferrite. The M-H curves clearly indicate the ferromagnetic nature of the ferrite samples. 

The magnetic properties are strongly affected by the concentration of Ni2+ and Co2+ ions 

in the ferrites. The saturation magnetization decreased as the nickel concentration was 

increased. Co2+ ions in a weak octahedral field will have a configuration of (t2g
5 eg

2) with 

three unpaired electrons while Ni2+ ions with a configuration of (t2g
6 eg

2) has two 

unpaired electrons. Secondly, Ni2+ ions prefer to occupy the octahedral sites and Co2+ 

ions prefer to occupy the tetrahedral sites [40]. Replacement of Co2+ ions by Ni2+ ions 

should decrease the magnetization due to the smaller magnetic moment of nickel as 

compared to that of cobalt. This decrease is not regular which can be explained based 

on the random distribution of the Fe3+, Co2+ and Ni2+ ions in the tetrahedral and 

octahedral sites, due to the nanosize nature of the ferrite samples (Fig. 4.13, Table 4.10). 

The ferrites can also have nanosize particles in which the core spins are ordered while 

the surface spins are canted with respect to the core. This can give rise to different 
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magnetic structure [41]. This could be another plausible explanation to explain the trend 

in Ms values. The sizes of the particles also play an important role in the magnetization 

values. Large grains will have lesser number of grain boundaries, and thus will 

contributing in increasing the magnetization values [41].  

The coercivity (Hc) on the other hand, can decrease with increase in the nickel content 

due to the lower magnetocrystalline anisotropy of Ni2+ ions as compared to Co2+ ions 

[42]. As the nickel concentration increases, the antiferromagnetic interactions decrease 

and the superexchange ferromagnetic interactions increase which results in a decrease in 

coercivity and remanant magnetization values [Table 4.10]. This indicates that the 

ferrite changes from a hard magnetic material to a soft magnetic material with increase 

in nickel content.  If the squareness ratio (Mr/Ms) is less than 0.5, then it indicates that 

particles in the ferrites interact through magnetostatic interactions. The squareness ratio 

increases at low temperature and are above 0.5 [Table 4.10] indicating that there are 

exchange coupling interactions between the particles at low temperatures [43].  

The low temperature M-H curves at 50 K were obtained after the samples were cooled 

from room temperature to 50 K in the absence of a field (ZFC) and in the presence of an 

external field of 3T (FC), are presented in Fig. 4.14 and Fig. 4.15, respectively. The 

saturation magnetization values of ferrites at 50K are higher than the room temperature 

values (Fig. 4.12). The Ms and Hc, both generally show decreasing trend with increase 

in nickel content (Fig. 4.13). The Ms, Mr and Hc values in MH curves studied at 50K 

after the samples were field cooled are found to be comparable to the values obtained on 

cooling in the absence of an external field [Table 4.11]. The main observation of these 

field cooled curves is the exchange bias obtained.   

The room temperature as well as the low temperature M-H loops does not go to 

saturation even at a high field of 3T, this is due to the canted or misaligned spins at the 

surface which do not tend to align in the direction of the applied field. The core spins 

can be considered as a ferromagnetic layer while the surface spins form the anti-

ferromagnetic layer [44]. The antiferromagnetic interaction at the surface causes the 

magnetization to increase linearly and is responsible for unsaturation while the 

ferromagnetic contribution tends to saturate the magnetization. The X-ray and Raman 

data show that there are no impurities present in the ferrites under investigation, thus the 

contribution of impurities to the unsaturated magnetization is ruled out.      
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Fig. 4.12 M-H curves of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites at room 

temperature.                   

 

 

Fig. 4.13 Variation of saturation magnetization (Ms) and Coercivity (Hc) as a function 

of nickel content in ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites at RT. 
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Fig. 4.14 M-H curves of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites at 50K 

under ZFC conditions. 

 

Fig. 4.15 M-H curves of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites at 50K 

under FC conditions. 
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Table 4.10 Magnetization data as a function of nickel concentration at 310K and at 50K 

(ZFC) of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites.  

   Room Temperature 50 K 

X 
Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Mr/ 

Ms 

K *105 

(erg/cm3) 

Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Mr/

Ms 

0.0 66.45 1312 22.5 0.339 9.03 68.34 13197 53.4 0.78 

0.2 67.73 1099 23.7 0.349 7.71 71.88 10762 55.1 0.76 

0.4 53.48 853 17.6 0.329 4.73 57.04 9670 44.2 0.77 

0.5 54.24 802 18.9 0.348 4.51 58.26 7990 43.2 0.74 

0.6 54.06 741 17.9 0.331 4.15 58.16 7235 44.8 0.77 

0.8 46.26 428 14.2 0.307 2.05 51.01 4211 36.3 0.71 

1.0 49.73 125 9.4 0.189 0.64 55.59 206 15.2 0.27 

 

Table 4.11 Magnetization data as a function of nickel concentration at 50K under FC 

conditions of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0).   

X Ms (emu/g) Hc (Oe) Mr (emu/g) E.B (Oe) 

0.0 69.84 13919 58.3 -741 

0.2 71.91 11791 57.1 -293 

0.4 58.58 9552 45.8 -182 

0.5 59.87 7984 45.2 -182 

0.6 58.32 7200 44.6 -181 

0.8 51.49 4177 36.6 -69 

1.0 55.01 219 16.1 -02 

 

The temperature dependence of magnetism of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-1.0) 

ferrites at applied fields of 250 Oe, 500 Oe and 1000 Oe is shown in Fig. 4.16. The MFC 

curve is almost independent of temperature (except NiFe2O4) over the temperature  
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Fig. 4.16 MT curves of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) at 250 Oe, 500 Oe 

and 1000 Oe.   
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range, while the MZFC shows a decreasing trend (except NiFe2O4) with decrease in 

temperature. The decreasing trend of the MZFC indicates that at ambient temperature the 

spins of the transition metal ions in octahedral and tetrahedral sites have a deviation 

from the antiparallel alignment and thus the lattice has either a canted or partially 

misaligned spin structure [45, 46]. This can be due to the nanosized nature of the ferrite 

samples. As the temperature is reduced, the thermal fluctuations decreases and the spins 

reorient to reduce the canting angle and are aligned to an antiferromagnetic structure. 

The ZFC-FC magnetization show thermo-magnetic irreversibility that is divergence 

between the MFC and the MZFC magnetization curves [47]. The MZFC and the MFC curves 

show bifurcation over the whole temperature range (except NiFe2O4), which indicates 

that the system is not magnetically homogenous although the material is chemically 

homogenous [48]. The FC curve shows a temperature independent behaviour over the 

entire temperature range (except NiFe2O4). This is another indication of the anisotropy 

in the ferrite samples. 

The MT curves for NiFe2O4 showed a different trend. The MFC curve decreased 

continuously with increase in temperature while the MZFC curve increases reaches a 

maximum at the blocking temperature (TB) and then decreases with further increase in 

temperature. This is a typical behaviour of a superparamagnetic particle [49]. This 

explains the small value of coercivity even at room temperature for NiFe2O4 [Table 

4.10].  Below TB, the thermal energy is less than the anisotropic energy; this blocks the 

magnetic moments from aligning in the direction of the external field. Above TB, the 

magnetic moments progressively unblock due to increase in thermal energy. The MZCF 

and MFC curves do not coincide over the entire temperature range indicating that a non-

negligible fraction of particles are still in magnetically blocked state at this temperature.  

 

4.5.2 AC susceptibility 

The variation of normalized susceptibility of the ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-

1.0) ferrites is shown in figure 4.17. The susceptibility measurements were done in an 

alternating field of 5 kOe in the temperature range of 300 to 900K to determine the 

domain state of the samples as well as the Curie temperature of the ferrites. The 

magnetic materials can be classified into single domain (SD), multi domain (MD), super 

paramagnetic (SP) or a combination of these [50]. It can be seen that the susceptibility 
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of all the ferrite samples increase with increase in temperature, reaches maximum at just 

before the Curie temperature and then drops to zero at the Curie temperature.  This 

behaviour can be attributed to the presence of single domain particles in the ferrites 

[51]. The steady fall of the susceptibility values confirms the absence of impurity 

phases in the ferrites as was seen from X-ray diffraction and Raman analysis. With 

increase in nickel concentration, the susceptibility value decreases. This could be due to 

increase in the fraction of superparamagnetic particles in the sample, as can be seen 

from the reduction in coercivity [Table 4.10]. The Curie temperature is the temperature 

at which the susceptibility falls to zero and represents the transition from an ordered 

alignment of magnetic spins to a disordered or random alignment [52]. In other words, 

the transition from ferromagnetic to paramagnetic behaviour takes place at the Curie 

temperature. Curie temperature is greatly influenced by the magnetic interactions 

between the ions that occupy the tetrahedral and octahedral sites [53]. There are three 

types of interactions that occur, A-B interactions, A-A interactions and B-B 

interactions. According to Neel two lattice model the A-B interactions are of maximum 

intensity. As Ni2+ ions are introduced in the lattice it will occupy the octahedral site and 

in turn an equal amount of Fe3+ ions will move from the octahedral to the tetrahedral 

sites wherein they will replace Co2+ ions at the tetrahedral site. The smaller size of the 

nickel ions will reduce the distance between the ions at the A-site and the B-site 

(indicated by decrease in lattice parameter, Table 4.6) which will enhance the A-B 

interactions in the ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-1.0) ferrites. As a result, a 

greater amount of energy will be required to destroy this alignment to get random 

orientation of spins and hence the Curie temperature increases [Table 4.12]. The 

susceptibility increases slowly with increase in temperature and falls to zero at the Curie 

temperature with tailing effect. This indicates that a greater fraction of particles are in 

the SD state. As the nickel content increases the hump in the susceptibility curve is 

lowered, this indicates the presence of super paramagnetic particles along with a smaller 

fraction of single domain particles (SD) [54] in nickel rich samples.   
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Fig. 4.17 Plot of normalized susceptibility v/s temperature of ‘as-prepared’           

NixCo1-xFe2O4 (x =0.0 - 1.0) ferrite. 

 

Table 4.12 Curie temperature of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 

x 0.0 0.2 0.4 0.5 0.6 0.8 1.0 

Tc (K) 793 796 810 824 832 850 874 

 

4.5.3 Dielectric properties  

4.5.3.a Variation of dielectric properties as a function of frequency 

The effect of frequency on dielectric constant at room temperature of the ‘as-prepared’ 

NixCo1-xFe2O4 (x =0.0-1.0) ferrite series is shown in Fig. 4.18. The sample shows 

normal behaviour with frequency, where the dielectric constant decreases with increase 

in frequency. The decrease is quite rapid at low frequencies (up to 1 KHz) and becomes 

quite slow at higher frequencies. Above 1 MHz it shows frequency independent 

behaviour. This can be explained on the basis of Maxwell-Wagner theory [55] in 

accordance with Koop's phenomenological theory [56]. The dielectric structure of 

ferrite materials is composed of two layers, a large layer of well conducting ferrite 

grains separated by a thin layer of relatively poor conducting grain boundaries. The 

electrons reach the grain boundaries through hopping and since the resistance of the 
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boundary is high enough, the electrons pile up at the boundary and produce polarization. 

As the applied field is increased beyond certain frequency the electrons cannot follow 

the applied field [57]. This decreases the possibility of the electrons reaching the grain 

boundary and as a result polarization decreases.  

 

Fig. 4.18 Frequency variation of dielectric constant of ‘as-prepared’ NixCo1-xFe2O4      

(x =0.0 - 1.0) ferrite. 

 

The energy loss is characterized by the dielectric loss factor (tan δ), where the angle δ is 

the phase difference between the applied electric field and the induced current. The 

dielectric loss arises when the polarization lags behind the applied alternating field and 

is caused by imperfections and impurities in the crystal lattice. The Fig. 4.19 shows the 

variation of loss tangent with frequency at room temperature of ‘as-prepared’ NixCo1-

xFe2O4 (x =0.0-1.0) ferrites. The loss tangent shows an initial increase with frequency 

reaches a maximum and then decreases. According to the Rezlescu model [58] the 

relaxation peaks occur due to the collective contribution of both n-type and p-type 

charge carriers. The n-type charge transfer in ferrites is due to the hopping of electrons 

between Fe2+ and Fe3+ ions according to   

        Fe3+     +   e-                   Fe2+                                
                              

While p-type charge transfer is due to  

     M2+                       M3+  +  e 
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The relaxation peaks occur when the jumping rate or hopping rate of electrons between 

Fe2+ and Fe3+ becomes approximately equal to the applied field and this phenomenon is 

termed as ferromagnetic resonance [59] which is observed in the present studies.  

 

Fig. 4.19 Frequency variation of Loss tangent of ‘as-prepared’ NixCo1-xFe2O4                    

(x = 0.0 -1.0) ferrites. 

 

4.5.3.b Variation of dielectric properties as a function of temperature 

The variation of dielectric constant with temperature at various fixed frequencies of ‘as-

prepared’ NixCo1-xFe2O4 (x =0.0-1.0) is shown in Fig. 4.20. The curves show two major 

regions, a low temperature region where the dielectric constant is independent of 

temperature and a higher temperature region where the dielectric constant increases 

remarkably with temperature. At higher temperatures, the charge carriers will have 

excess thermal energy which increases their mobility which in turn will cause them to 

orient in the easy direction of the applied AC field more easily thereby increasing their 

contribution to space charge polarization which results in increase in dielectric constant 

[60]. This increase is much more rapid at low frequencies as compared to higher 

frequencies. The dielectric constant in ferrites is due to four types of polarization: 

interfacial, dipolar, ionic and electronic polarization. At lower frequencies the greater 

increase in dielectric constant is due to contribution from interfacial and dipolar 

polarizations, which are highly temperature dependent [61]. This causes the rapid 

increase in dielectric constant at lower frequencies. Ionic and electronic polarizations   
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Fig 4.20 Dielectric constant as a function of temperature of ‘as-prepared’             

NixCo1-xFe2O4 (x =0.0 - 1.0) at different frequencies. 
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are more dominant at higher frequencies. These polarizations do not change much with 

temperature [62] as a result the dielectric constant does not increase much at higher 

frequencies.                 

Fig. 4.21 shows the temperature variation of dielectric loss tangent of ‘as-prepared’            

NixCo1-xFe2O4 (x =0.0-1.0) at different frequencies. The loss tangent also shows a sharp 

increase at higher frequencies. In the low frequency region, grain boundaries play a 

more dominant role. The higher resistivity of the grain boundaries means that the 

electrons require higher energy to move and hence the loss is higher [63]. At higher 

frequencies the grains play a more important role; due to their conducting nature the 

dielectric loss is minimum. The variation of loss tangent with temperature shows a 

peaking behaviour upto 10 KHz in some of the ferrites. The peaks arise when the 

relaxation frequency matches the time period of the applied electric field. The relaxation 

peaks shift to higher temperature with increases in nickel concentration. 

 

4.5.3.c Variation of dielectric properties as a function of nickel concentration 

The CoFe2O4 has the largest dielectric constant but with increase in nickel content the 

dielectric constant decreased up to the composition Ni0.4Co0.6Fe2O4 and then with 

further increase in nickel content the value of dielectric constant of the ferrites 

increased. The polarization in ferrites is due to the hopping of electrons between Fe3+ 

and Fe2+ ions situated on the octahedral sites.  In NixCo1-xFe2O4 (x =0.0-1.0) ferrites, the 

Ni2+/Ni3+ ions and Co2+/Co3+ ions on the B-sites can result in p-type charge carriers. As 

the nickel content increases the cobalt content on the octahedral site decreases. Since 

nickel has a lesser tendency to undergo oxidation as compared to cobalt, this will 

decrease the amount of p-type charge carriers which could explain the initial decrease 

with increase in nickel content. As the nickel content increases (x ≥ 0.5), the crystallite 

size becomes larger. The larger size of the particles decreases the grain boundaries. The 

grain boundaries cause scattering of the electrons thereby decreasing the dielectric 

constant. So the larger size of the ferrite particles will give a larger value of dielectric 

constant. This could be the plausibly explain for the increase in the dielectric constant of 

the NixCo1-xFe2O4 ferrites with ‘x’ higher than 0.5.      
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Fig. 4.21 Loss tangent as a function of temperature of ‘as-prepared’ NixCo1-xFe2O4      

(x =0.0 - 1.0) ferrites at different frequencies. 
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4.5.4 Resistivity studies 

The DC resistivity is performed to determine the conduction mechanism that is 

operational in the ferrites. The resistivity plots of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0-

1.0) ferrites are shown in Fig. 4.22. The temperature variation of resistivity, as can be 

seen from the figure, shows a decrease in resistivity or an increase in conductivity as the 

temperature is increased, indicating the semiconducting nature of the ferrites. The 

graphs follow the Arrhenius equation with linear decrease in the logarithm of the 

conductance with the inverse of temperature [64]. The curves show a break where the 

slope of the line changes indicating a change in conduction mechanism. There are two 

such breaks indicating three conduction regions. The first region at lower temperatures 

is due to impurity and absorbed species on the surface. The second region is due to the 

hopping of electron in an ordered ferromagnetic structure. The third region is a 

disordered random spin paramagnetic structure [62]. The change from the second to the 

third region takes place at a temperature called the Curie temperature.  

According to the Verwey model, the conduction mechanism is due to the hopping of 

electrons between the ions of the same element in different oxidation states or due to the 

hopping of holes. In the second region, the ordered arrangement allows the electrons to 

hop more easily and so requires lower activation energy. In the paramagnetic region, 

due to the random orientation of the spins a larger energy is required to move the 

electron from one ion to the next and this process requires larger activation energy [65]. 

This causes a change in the slope of the line at the Curie point. As can be seen from Fig. 

4.22, the variation of resistance with nickel incorporation indicates a decrease in the 

resistance, as the nickel concentration is increased up to x = 0.2, and then the resistance 

increases with further increase in nickel concentration. The conduction in the ‘as-

prepared’ NixCo1-xFe2O4 ferrites is due to hole transfer from Ni3+ and Ni2+ ions and 

hopping of electrons between Fe2+ to Fe3+ ions at the octahedral site [66].  

Ni2+   +   Fe3+                   Ni3+   +   Fe2+ 

The distance between the ions at the octahedral site is much smaller than the distance 

between ions at the tetrahedral site. The probability of electron hopping is far greater 

than the hole transfer. With increase in nickel concentration the number of Fe3+ ions at 

the octahedral site decreases. This reduces the probability of electron hopping at this 

site as the number of charge carriers gets reduced. The initial decrease in resistivity for 
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the ferrite Ni0.2Co0.8Fe2O4 could be due to some contribution from the hole hopping or 

also due to the larger grain size in this ferrite.  The activation energies obtained from the 

DC resistivity plots of ‘as-prepared’ NixCo1-xFe2O4 (x=0.0 - 0.1) are given in Table 

4.13.  The activation energy for the paramagnetic region are found to be higher than the 

ferromagnetic region due to ordering in ferromagnetic region which helps in electron 

hopping as the energy requirement in the ferromagnetic region is less. 

 

Fig. 4.22 Plot of log resistivity vs 1000/T of ‘as-prepared’ NixCo1-xFe2O4 (x =0.0 - 1.0) 

ferrite. 

 

Table 4.13 Activation energies from the DC resistivity plots of ‘as-prepared’          

NixCo1-xFe2O4 (x=0.0 - 0.1). 

Ni concentration (x) 0.0 0.2 0.4 0.5 0.6 0.8 1.0 

Ep (eV) 1.19 1.15 1.18 0.603 1.46 1.2 1.30 

Ef (eV) 1.01 1.12 1.05 0.57 1.11 1.03 1.09 

ΔE (eV) 0.18 0.03 0.15 0.03 0.35 0.17 0.21 
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4.6 Characterization of ‘sintered’ NixCo1-xFe2O4 (x =0.0-1.0) 

ferrites 

4.6.1 Crystal structure  

The X-ray diffractogram of the NixCo1-xFe2O4 (x =0.0-1.0) ferrites sintered at 1000oC 

for 10 h is shown in Fig. 4.23. The XRD pattern in the 20-80o (2θ) range showed peaks 

that can be indexed only to the characteristic peaks corresponding to a cubic spinel 

structure. No diffraction peaks corresponding to secondary or impurity phases of α-

Fe2O3, NiO or CoO were detected in the XRD pattern. This indicates that nickel is 

doped into cobalt ferrite spinel lattice with no change in the spinel phase. The 

diffractogram shows sharp peaks indicating the formation of highly crystalline pure 

phase.  

 

Fig. 4.23 X-ray diffractogram of ‘sintered’ NixCo1-xFe2O4 (x = 0.0 - 1.0) ferrites. 

 

The lattice parameter of the ferrite series was calculated [Table 4.14] and found to show 

a decrease with increase in nickel concentration; this is attributed to the smaller ionic 

size of the Ni2+ ion (0.69Å) as compared to the Co2+ ion (0.74Å) [67]. As nickel 

replaces cobalt in the crystal lattice, the lattice will shrink due to the smaller size of 

nickel. This can also be seen in the decrease in unit cell volume as the concentration of 

nickel increases [Table 4.14]. Decrease in lattice parameter will lead to a decrease in the 
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d-spacing between the diffraction planes. The d values are inversely related to the 

diffraction angle in accordance with Bragg’s law. Hence there is a shift in the position 

of the diffraction peaks to a higher 2θ value with increase in nickel content [26]. The X-

ray density increases with increase in nickel concentration. The atomic weight of nickel 

is higher than that of cobalt, this mean that the weight of the ferrite increases while the 

unit cell volume and lattice parameter decreases. Since density is inversely related to 

lattice parameter, the X-ray density increases. The average crystallite size of the 

‘sintered’ NixCo1-xFe2O4 (x= 0.0-1.0) ferrites were calculated using Scherrer’s formula 

and was found to be between 47-51 nm [Table 4.14]. 

 

Table 4.14 Lattice constant ‘a’, Unit Cell Volume ‘V’, hopping lengths in tetrahedral 

‘LA’ and octahedral ‘LB’ site, x-ray density ‘dx’, bulk density ‘dM’ % porosity ‘P’, and 

Average crystallite size ‘D’ of ‘sintered’ NixCo1-xFe2O4 (x = 0.0 - 1.0) ferrite. 

X 
a     

(Å) 

V      

(Å3) 

D 

(nm) 

LA   

(Å) 

LB     

(Å) 

dx  

(g/cm3) 

dM  

(g/cm3) 

P   

(%) 

0.0 8.387 590 47.3 3.632 2.965 5.28 3.41 35.4 

0.2 8.379 588 47.7 3.628 2.963 5.29 3.73 29.5 

0.4 8.369 586 47.5 3.623 2.958 5.31 3.57 32.8 

0.5 8.362 584 49.0 3.621 2.957 5.32 3.44 35.3 

`0.6 8.355 583 50.5 3.618 2.954 5.33 3.28 38.5 

0.8 8.348 581 49.8 3.615 2.952 5.35 3.15 41.2 

1.0 8.336 579 48.2 3.609 2.947 5.37 2.79 48.0 

 

4.6.2 Infrared spectroscopy  

The FTIR spectra of the ‘sintered’ NixCo1-xFe2O4 (x = 0.0 - 1.0) ferrites is shown in fig. 

4.24.  The figure shows two major absorption bands in the frequency range 800-350  

cm-1 which are characteristics of spinel ferrites. The higher frequency absorption band 

(γ1) is caused by the stretching vibrations of the tetrahedral metal-oxygen bond and the 



201 
 

lower frequency absorption band (γ2) is caused by the metal-oxygen vibration in 

octahedral sites.  

 

Fig. 4.24 Infrared spectra of ‘sintered’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 

 

The M-O stretching frequencies in the tetrahedral (γ1) and octahedral (γ2) sites of the 

‘sintered’ NixCo1-xFe2O4 (x =0.0-1.0) ferrites are presented in Table 4.17. The band 

observed at 600-618 cm-1 is due to the stretching of the M-Otet band in the tetrahedral 

site while the M-Ooct band in the octahedral site was observed at 405-418 cm-1 [3, 68]. 

The difference in the band positions are expected because the bond lengths of Fe3+- O2- 

bond are not equal for the tetrahedral and octahedral sites. It was found that the Fe-O 

distance on the A-site (1.89 Å) is smaller than that on the B-site (1.99 Å) [69]. Since the 

position of the bands shifts to higher wave number with increase in the bond strength, 

the tetrahedral stretching is observed at a higher wavenumber. The γ1 band shifts to a 

higher wave number (blue shift) as the nickel concentration increases [Table 4.15]. The 

Ni2+ ions prefer to occupy the octahedral sites in the spinel lattice. As the nickel 

concentration increases, the Fe3+ ions move to the tetrahedral sites resulting in an 

increase in the bond strength at the tetrahedral site, this cause as increase in γ1. The γ2 

band also shows a blue shift to higher wavenumber as Ni2+ replaces the larger Co2+ ion 

at the octahedral site. This band also shows a shoulder which becomes more prominent 

as the nickel content is increased. 
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Table 4.15 The M-O stretching frequencies in the tetrahedral (γ1) and octahedral (γ2) 

sites of ‘sintered’ NixCo1-xFe2O4 (x =0.0 - 1.0) ferrites. 

Ni conc. (x) 0.0 0.2 0.4 0.5 0.6 0.8 1.0 

γ1 (cm-1) 600 602 606 606 611 615 618 

γ2 (cm-1) 405 407 409 411 414 415 418 

 

4.6.3. Raman spectroscopy  

The room temperature Raman spectra of ‘sintered’ NixCo1-xFe2O4 (x =0.0-1.0) ferrites 

are shown in Fig. 4.25. The Raman spectra of ferrites show the presence of five 

vibrational modes; the optical modes A1g, Eg and 3T2g are Raman-active [22, 23].  The 

position of the Eg, T2g(2), T2g(3) and A1g peaks are given in Table 4.18. The A1g mode 

was observed between 683-699 cm-1in all the ferrites. This mode arises due to the 

symmetric stretch of oxygen atoms along metal−oxygen bonds at the tetrahedral site 

[24]. This is the most prominent peak in all the ferrites which confirms the formation of 

the pure spinel phase.  

 

Fig 4.25 Raman spectra of sintered NixCo1-xFe2O4 (x = 0.0 - 1.0). 

 

The peak shows a blue shift to higher wave number with increase in the nickel 

concentration. The position of the bands in a Raman spectrum depends on the force 

constant of the bond involved [25], higher force constant will result in the band 
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appearing at higher wave numbers. The introduction of nickel ions into the octahedral 

site will cause a shift in an equivalent number of Fe3+ ions into the tetrahedral site 

replacing the outgoing Co2+ ions. The smaller size of the ferric ions will result in an 

increase in the Fe3+-O2- bond strength at the tetrahedral site. This will cause an increase 

in the force constant of the bond at the tetrahedral site resulting in a shift in the position 

of the band to higher wave number. The intensity of this peak increases with nickel 

content in the ferrites and the peak shows the maximum intensity for NiFe2O4. The A1g 

peaks show a shoulder at a lower wave number; the intensity of this shoulder peak 

increase as the nickel concentration increases [26]. The nickel ferrite possesses an 

inverse spinel structure, the presence of two ions, Fe3+ and the Ni2+ at the tetrahedral 

site, is responsible for the shoulder.  

 

Table 4.16 Raman vibrational modes of ‘sintered’ NixCo1-xFe2O4 (x = 0.0 - 1.0) ferrites. 

Ni Concentration 

(x) 

Peak Position (cm-1) 

Eg T2g (2) T2g (3) A1g (2) Shoulder 

0.0 310 464 553 683 608 

0.2 312 465 545 683 609 

0.4 317 467 549 688 636 

0.5 327 469 551 690 644 

0.6 328 470 554 692 650 

0.8 342 474 560 695 663 

1.0 331 482 569 699 650 

 

The Eg mode which arises due to symmetric metal-oxygen bond bending at the 

octahedral site in ferrites, was observed at a lower wave number of 310-342 cm-1 [70]. 

This mode also shows a blue shift as the nickel concentration is increased. The ionic 

radii of Fe3+(0.67Å) is smaller than that of Ni2+(0.69Å), thus replacement of Fe3+ by 

Ni2+ at the octahedral site leads to shrinkage of the MO6 octahedra, decrease in size will 

shift the Eg band to higher wavenumber as the nickel concentration increases. The 

T2g(2) mode arises due to asymmetric Metal-oxygen stretch at the octahedral site and 
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the T2g(3) mode is due to the translational motion of the cations and oxygen in MO4 

tetrahedral unit [70].  

The intensities of the modes are in the order Eg < T2g(2) < T2g(3) < A1g. The presence of 

Fe2O3 can be detected by sharp peaks at ~240 cm-1 and ~300 cm-1 [29]. Since no peak at 

~240 cm-1 is observed in the spectra and the peak at 300 cm-1 is broad and of low 

intensity and belongs to the Eg mode of the ferrites; this further confirms the single 

phase nature of all the samples in the ferrite series.  

 

4.6.4 X-ray photoelectron spectroscopy  

The full scan spectra of the ‘sintered’ NixCo1-xFe2O4 (x = 0.0-1.0) ferrites series at room 

temperature is shown in Fig. 4.26. It can be seen from the figure that Co, Ni, Fe and O 

are all present in the ferrite samples and no other element is detected in the spectra up to 

a binding energy of 1000 eV except carbon, which may have got deposited on the 

surface during the sample preparation. This confirms the purity of the samples obtained. 

The high resolution scans of Ni, Co, Fe and O in ‘sintered’ Ni0.5Co0.5Fe2O4 are shown in 

figure 4.27. The binding energy values of Cd, Ni, Co, Fe and O in ‘sintered’ NixCo1-

xFe2O4 (x = 0.0, 0.2, 0.5, 0.6, 1.0) are presented in Table 4.19.  The XPS spectrum of Co 

2p3/2 exhibits a peak at 781.7eV which is due to cobalt ions present at tetrahedral sites 

[71]. No peak was observed at a lower binding energy of 789 eV which rules out the 

presence of Co in the octahedral site.  A satellite peak at ~787 eV; 5 eV higher than the 

main peak confirms the high spin state of Co2+ ions [71]. The presence of low spin Co3+ 

gives low intensity or no satellite peaks; the presence of satellite peaks in all the ferrite 

samples rules out the presence of Co3+(L.S) and confirms that cobalt is exclusively in 

high spin Co2+ state. The Co 2p1/2 peak at ~796 eV is also observed in some of the 

ferrites [30]. 
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Fig. 4.26 Full scan XPS spectra of ‘sintered’ NixCo1-xFe2O4 (x = 0.0, 0.2, 0.5, 0.6, 1.0). 

 

  

Fig. 4.27 High resolution XPS scan of ‘sintered’ Ni0.5Co0.5Fe2O4. 
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Table 4.17 The binding energy values of Cd, Ni, Co, Fe and O in ‘sintered’         

NixCo1-xFe2O4 (x = 0.0, 0.2, 0.5, 0.6, 1.0). 

 

The core level nickel scan can be fitted with two peaks. The 2p3/2 peak is seen at a B.E 

of ~855 eV along with a satellite peak at 861.5 eV and 2p1/2 at a B.E of 873 eV. Both 

these peaks are observed in the ferrite samples along with the associated satellite peak. 

No shoulder is detected in the peaks which rules out that any oxidation of Ni2+ to Ni3+, 

during the synthesis [31, 32]. 

The Fe 2p3/2 core electron spectrum reveals two asymmetric peaks due to Fe in two 

different lattice sites. The peaks with B.E of 711.8 eV is due to Fe3+ in the tetrahedral 

sites while the peak at ~713 eV can be attributed to Fe3+ at the octahedral sites which is 

not seen from x+ 0.0 to 0.5 [72].  A satellite peak with B.E ~8 eV higher than the main 

peak was also observed in all the ferrite samples. The occurrence of satellite peak 

confirms Fe is in +3 oxidation state and also confirms the high spin nature of Fe3+. The 

possibility of metallic iron being present can also be ruled out [35]. The Fe 2p1/2 peak 

observed at ~725.5 eV can also be assigned to Fe3+ ionic state [36,73].  

H  0.0 0.2 0.5 0.6 1.0 

Co 

2p3/2 781.7 781.5 781.7 781.2 -- 

Satellite 788.3 784.7 787.7 786 -- 

2p1/2 796 794.9 796.6 794.6 -- 

Ni 

2p3/2 -- 855 855 855.1 855.2 

Satellite -- 861.9 861.5 861.7 861.9 

2p3/2 -- 872.1 873 873.2 873.4 

Fe 

2p3/2 711.1 711.1 711.8 711.8 711.9 

2p3/2 -- -- -- 713.9 713 

Satellite 718 718 718 718.1 718 

 2p1/2 725 725.8 725.5 725.1 725 

O 1s 528,530 530,532 530,532 530,532 530,532 
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The core level spectrum of oxygen, 1S shows two peaks at 530 eV and 532 eV. The 

peak of higher binding energy is attributed to the presence of O2- ions and the one at 

lower binding energy is due to the chemisorbed hydroxyl groups (or water) on the 

surface [38] of the ferrite sample. Similar results were obtained for the other sintered 

ferrites as can be seen from the Table 4.17.  

 

4.6.5 SEM micrographs  

The SEM micrographs of the sintered NixCo1-xFe2O4 (x = 0.0-1.0) ferrite series are 

shown in Fig. 4.28. The micrographs show that the particles are well grown with almost 

no agglomeration. There is a distribution of different size particles from large (~1μm) to 

as small as ~100 nm. With increase in the nickel concentration the fraction of larger 

particles becomes smaller. In other words, the distribution on particle size decreases 

with increase in nickel concentration. 

 

Fig. 4.28 SEM micrographs of ‘sintered’ NixCo1-xFe2O4 (x = 0.0 - 1.0) ferrites. 

 

0.0 0.2 0.4 

0.5 0.6 0.8 

1.0 
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4.7 Solid state studies of ‘sintered’ NixCo1-xFe2O4 (x = 0.0 – 

1.0) ferrites 

After characterizing the ‘sintered’ NixCo1-xFe2O4 (x = 0.0-1.0) ferrites, the solid state 

properties of the same were studied and are discussed in the following section.  

 

4.7.1 Magnetic properties  

The magnetic properties of the ‘sintered’ NixCo1-xFe2O4 (x = 0.0–1.0) ferrite series were 

studied by performing hysteresis loop measurements at 310K (room temperature) and at 

50K and measuring the magnetization as a function of applied magnetic field (H). The 

M-H curves of the ferrite series, recorded up to a maximum field strength of 3T (30 

KOe) are shown in figure 4.29. The curves show typical hysteresis behaviour at room 

temperature with decrease in the width of the loops i.e. decrease in the coercivity as the 

nickel concentration in the ferrite increases. This shows a change from a hard 

ferromagnetic material to a soft ferromagnetic material with increase in nickel 

concentration. This is due to the decrease in magneto-crystalline anisotropy of the 

sintered ferrites due to incorporation of nickel in the ferrites. This results in, lower 

magnetic field requirement to reverse the magnetization of the sintered ferrites; this is 

the reason for the lowering the coercivity.  

 

Fig. 4.29 The magnetic hysteresis loops of ‘sintered’ NixCo1-xFe2O4 (x=0.0 - 1.0) 

ferrites at room temperature. 
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In spinel ferrites the cations are present in the two crystallographic sites, tetrahedral (A) 

and octahedral (B) sites which leads to three types of magnetic interactions between the 

magnetic cations through the super-exchange interactions mediated through the oxygen 

anion namely, A-B interactions, A-A interactions and B-B interactions. The interaction 

energies between the A-site and B-site being negative, results in an anti-parallel 

coupling of the magnetic spins (M = MB-MA) [74] while the distance between the ions 

will determine the magnitude of the interaction. The A-B interactions are the greatest in 

magnitude due to the close proximity between the two cations. The replacement of Co2+ 

ions by smaller Ni2+ ions will decrease the A-B distance resulting in strengthening of A-

O-B interaction.   

According to CFT, the CFSE gained by the metal ions by occupying the different 

crystallographic positions will predict the site occupancy. Since Co2+ will have a more 

negative CFSE in a tetrahedral environment it will prefer to occupy the tetrahedral site 

while Ni2+ on the other hand, will prefer the octahedral site due to more gain in CFSE in 

an octahedral environment. The Fe3+ which has a d5 configuration, will have a CFSE of 

zero in a tetrahedral as well as an octahedral environment and can occupy both the sites 

equally [48]. The introduction of Ni2+ ions into the octahedral site in the cobalt ferrite 

will cause an equal number of Fe3+ ions present at the octahedral site to migrate into the 

tetrahedral site and take the positions vacated by the Co2+ ions. The magnetic moment 

of Ni2+ (3μB) is lower than that of Fe3+(5μB) which will decrease the overall magnetic 

moment at the A-site [75].  At the B-site, the lower magnetic moment Co2+ (2μB) ions 

are replaced by Fe3+ ions increasing the magnetic moment on the B-site. This will 

decrease the overall magnetic moment of the ferrite as the nickel concentration 

increases and can explain the decrease in saturation magnetization of the sintered 

ferrites [Table 4.20]. The magnetic anisotropy (K) also follows the same trend as that of 

saturation magnetization with respect to nickel concentration in ferrites [Table 4.20]. 

The coercivity and remanence also decrease as the nickel content is increased due to the 

lower magnetocrystalline anisotropy of Ni2+ ions as compared to that of Co2+ ions. The 

squareness ratio (R = Mr/Ms) at room temperature are below 0.5 [Table 4.20] indicating 

that the sintered ferrite particles have a strong magnetostatic interactions [43]. 
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The hysteresis loops at 50K (Fig. 4.30) show a slightly higher value of saturation 

magnetization as compared to that at 310K [Table 4.20]. The lower thermal energy at 

low temperature causes an alignment of magnetic spins in the direction of external 

magnetic field resulting in an increase in saturation magnetization [76]. The low 

temperature hysteresis loop shows a shift in coercivity towards higher fields. At low 

temperature there is magnetic ordering as a result of which cobalt ions migrate into the 

octahedral sites. The presence of highly anisotropic cobalt ions on the octahedral site 

increases the coercivity.  

Table 4.18 Magnetization data as a function of Ni concentration at 310K and at 50K of 

‘sintered’ NixCo1-xFe2O4 (x= 0.0 - 1.0).  

 

The MH curves of the sintered ferrite do not go to saturation even in an applied field of 

3T; this non-saturation behaviour coupled with the irreversibility at high fields points to 

the presence of core-shell structure in the nanoparticles. The nanoparticles can be 

considered as having a magnetically ordered core in which the spins are uniformly 

aligned and a canted or disordered surface where there is a random arrangement of the 

magnetic spins. These surface spins are difficult to align in the direction of the applied 

magnetic field and hence the MH curves do not saturate [77].  

 Room Temperature 50K 

X Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Mr/Ms K *104 

(erg/cm3) 

 Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

0.0 90 815 37 0.30 7.45  92 2675 58 

0.2 82 620 27 0.32 5.19  86 1661 53 

0.4 64 578 16 0.26 3.76  65 2414 42 

0.5 62 380 18 0.25 2.39  63 1237 37 

0.6 59 340 16 0.27 2.03  61 1298 40 

0.8 49 225 11 0.23 1.13  52 1020 30 

1.0 44 49 04 0.09 0.22  49 64 04 
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Fig. 4.30 The MH loops of ‘sintered’ NixCo1-xFe2O4 (x=0.0 - 1.0) at 50K under ZFC 

conditions. 

 

The increase in coercivity can also be attributed to the randomness of anisotropy axis, 

interparticle interaction and volume distribution at low temperatures. The field cooled 

MH curves are shown in Fig. 4.31. The coercivity values found from ZFC MH curves 

[Table 4.18] are found to be little higher than the values found from FC MH curves 

[Table 4.19], in cobalt rich samples.  The loops show a small exchange bias (E.B.) that 

decreases with nickel doping [Table 4.19]. 

 

Fig. 4.31 The MH loops of ‘sintered’ NixCo1-xFe2O4 (x=0.0 - 1.0) at 50K under FC 

conditions. 
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Table 4.19 Magnetization data as a function of Ni concentration at 50K (FC) of 

‘sintered’ NixCo1-xFe2O4 (x= 0.0 - 1.0) ferrites.  

 

 

 

 

 

 

 

 

 

 

The temperature dependence of magnetization under ZFC and FC protocols are shown 

in Fig. 4.32. The MFC curve is almost independent of temperature over the temperature 

range, while the MZFC shows a decreasing trend with decrease in temperature (except for 

NiFe2O4). The decreasing trend of the MZFC indicates that at ambient temperature the 

spins of the transition metal ions in octahedral and tetrahedral sites have a deviation 

from the antiparallel alignment and thus the lattice has either a canted or partially 

misaligned spin structure [47]. This can be due to the nano nature of the sample. As the 

temperature is reduced, the thermal fluctuations decrease and the spins orient to reduce 

the canting angle and are aligned to a ferromagnetic structure. The ZFC-FC 

magnetization show thermo-magnetic irreversibility that is divergence between the MFC 

and the MZFC magnetization curves [48]. The MZFC and the MFC curves show bifurcation 

over the whole temperature range, which indicates that the system is not magnetically 

homogenous although the material is chemically homogenous. With increase in the 

nickel concentration, the anisotropy of the ferrite decreases this decreases the separation 

between the MZFC and MFC curves Fig. 4.32.  

 

X Ms (emu/g) Hc (Oe) Mr (emu/g) E.B (Oe) 

0.0 92 1976 58 50 

0.2 86 1276 54 64 

0.4 65 2116 41 50 

0.5 63 1136 37 22 

0.6 62 1108 40 16 

0.8 52 1027 32 00 

1.0 49 63 5 00 
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Fig. 4.32 MH curves of ‘sintered’ NixCo1-xFe2O4 (x= 0.0 - 1.0) ferrites at 250 Oe, 500 

Oe and 1000 Oe. 
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The MT curves of NiFe2O4 showed a different trend. The MFC curve decreased 

continuously with increase in temperature while the MZFC curve increases reaches a 

maximum at the blocking temperature (TB) and then decreases with further increase in 

temperature. This is typical of superparamagnetic particles. This explains the small 

value of coercivity even at room temperature for NiFe2O4. Below TB, the thermal 

energy is less than the anisotropic energy; this blocks the magnetic moments from 

aligning in the direction of the external field. Above TB, the magnetic moments 

progressively unblock due to increase in thermal energy. The MZCF and MFC curves do 

not coincide over the entire temperature range indicating that a non-negligible fraction 

of particles are still in magnetically blocked state at this temperature [78].  

 

4.7.2 AC susceptibility 

The alternating current (AC) susceptibility of the ‘sintered’ NixCo1-xFe2O4 (x= 0.0-1.0) 

ferrites were measures in the temperature range of 300 to 900K in an applied external 

field of 5kOe.  From the nature of the curves the domain state of magnetic materials can 

be identified as single domain, multi domain or superparamagnetic [50]. The normalised 

AC susceptibility of the ‘sintered’ NixCo1-xFe2O4 (x= 0.0-1.0) ferrites are shown in 

Figure 4.33.  All the curves show a similar trend with increase in temperature.  

The normalized susceptibility (χT/χRT) increases slowly with increase in temperature 

reaching a maximum at the blocking temperature, exhibiting peaking behaviour before 

dropping to zero at the Curie temperature. The broad maximum in the curves indicates 

an inhomogeneous distribution of particle size as can be seen from the SEM images 

(Fig. 4.28). The nature of the curves indicates single domain type of behaviour. The 

peaking behaviour can be attributed to Hopkinson peaks observed in single domain 

particles [79, 80]. With increase in nickel concentration the maxima in the curves 

decreases indicating some contribution from superparamagnetic particle to the 

susceptibility behaviour. The ferrites exhibit normal ferromagnetic order becoming 

paramagnetic at sufficiently higher temperatures. The temperature at which the 

transition from ferrimagnetic to paramagnetic takes place is called the Curie 

temperature (Tc). At this temperature, the permeability as well as coercivity drop to 

zero.  As can be seen, from the curve (Fig. 4.34), the Curie temperature increases with 

increase in nickel concentration, in the ferrite samples [Table 4.20]. The CoFe2O4 
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becomes paramagnetic at 787 K and with doping of nickel into the lattice of cobalt 

ferrite, this temperature shifts to higher values giving a Curie temperature of 843 K for 

NiFe2O4 ferrite. The magnetic moment of Ni2+, Co2+ and Fe3+ are 3μB, 2μB and 5μB, 

respectively. Nickel being more magnetic than cobalt, results in an increase in the 

magnetic interaction between the ions at the tetrahedral and octahedral sites. This 

explains the increase in Curie temperature with increase in nickel concentration. 

 

Fig. 4.33 Plot of normalized susceptibility v/s temperature of ‘sintered’                    

NixCo1-xFe2O4 (x= 0.0 - 1.0) ferrites. 

 

Fig. 4.34 Variation of Curie temperature with nickel concentration of ‘sintered’          

NixCo1-xFe2O4 (x= 0.0 - 1.0) as obtained from AC susceptibility and Initial permeability 

measurements. 
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Table 4.20 Curie temperature of ‘sintered’ NixCo1-xFe2O4 (x= 0.0 - 1.0) as obtained 

from AC susceptibility (A.C.) and Initial permeability (I.P.)  measurements. 

Ni concentration (x) 

Curie Temperature 

Tc (K)A.C Tc (K)I.P 

0.0 787 765 

0.2 796 794 

0.4 814 811 

0.5 821 817 

0.6 836 820 

0.8 840 849 

1.0 843 857 

 

4.7.3 Dielectric properties 

4.7.3.a Variation of dielectric properties as a function of frequency. 

The dielectric properties of ferrites are strongly dependent on frequency and on 

temperature. Hence a study of the properties of ferrites with change in frequency, 

temperature as well as composition can help to design high quality materials for desired 

functional applications. The frequency dependence of dielectric constant () of the 

‘sintered’ NixCo1-xFe2O4 (x= 0.0–1.0) ferrites in an AC field of 20Hz to 10MHz is 

shown in figure 4.35.  

All the ferrites show normal dielectric behaviour in which the dielectric constant 

decreases with increase in frequency. The decrease in dielectric constant is sharp with 

initial increase in frequency up to 1 KHz, then slows down at higher frequencies 

between 1 KHz and 1 MHz and finally shows frequency independent behaviour above 

frequencies of 1MHz. This behaviour can be explained by using Koop’s 

phenomenological theory [56] along with Maxwell-Wagner’s interfacial theory [81]. 

According to these theories, polycrystalline ferrites consist of grains that are separated 

from each other by grain boundaries. The grains are conducting whereas the boundaries 

are insulating.  Thus ferrites can be thought of as comprising of two layers namely, 
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larger well conducting grains and smaller highly resistive grain boundaries that separate 

the grains from each other. The charge carriers (electrons or holes) move within the 

grains in the octahedral sites by hoping between the same ions in different valence 

states. Hopping of electrons between Fe2+-Fe3+ results in n-type charge carriers whereas 

hole hopping in Co2+/ Co3+ and Ni2+/ Ni3+ ions, that are present at the octahedral site, 

can result in p-type charge carriers. The charge carries move within the grain by 

hopping and when they reach the grain boundaries, due to the resistive nature of grain 

boundaries, the charge carriers cannot pass. This will cause charges to build up at the 

grain boundaries which will result in interfacial polarization. This explains the high 

dielectric constant at low temperatures [82]. Both electrons and holes can move and 

contribute to the polarization but the mobility of electrons being higher than the holes 

they reach the grain boundary first. As the external frequency is increased the electron 

reverse their direction and they do not follow the external field; this reduces the number 

of charge carriers reaching the grain boundaries, which decreases the polarization and 

consequently the dielectric constant.  

Dielectric loss represents the energy dissipated or lost in dielectric materials. The 

frequency variation of dielectric loss (tan δ) is shown in figure 4.36. The curves show a 

similar behaviour for the ferrites; a decrease in tanδ with increase in frequency. This 

indicates that at low frequency there is a greater dielectric loss.  

 

Fig. 4.35 Frequency variation of dielectric constant of ‘sintered’ NixCo1-xFe2O4              

(x= 0.0 - 1.0) ferrites. 
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Fig. 4.36 Frequency variation of loss tangent of ‘sintered’ NixCo1-xFe2O4 (x= 0.0 - 1.0) 

ferrites. 

At low frequencies the grain boundaries are more dominant and being resistive they 

cause scattering of the electrons [58]. As a result, a larger amount of energy is required 

for the electron exchange process which results in a greater loss. At higher frequencies 

the grains become more prominent as the grains being conducting, the electrons do not 

face any obstacle during exchange between Fe2+/Fe3+, at the octahedral sites. Hence 

there is a decrease in the loss with increase in frequency.  

 

4.7.3.b Variation of dielectric properties as a function of temperature 

The variation of dielectric constant as a function of temperature at five different 

frequencies of 100Hz, 1kHz, 10kHz, 100kHz and 1 MHz are shown in figure 4.37. At 

all the frequencies under the present study, the dielectric constant increases with 

increase in temperature. This is because due to increase in the thermal energy, the 

charge carrier mobility and the rate of their hopping increases.  

In the region where the plots remain constant, the thermal energy is not sufficient to 

enhance the hopping rate of the charge carriers. The increase in dielectric constant is 

much higher at lower frequencies as compares to the increase at higher frequencies. The 

dielectric constant arises from the contribution of four types of polarization, interfacial, 

ionic, dipolar and electronic polarization [83]. The dipolar and interfacial polarization 

are strongly temperature dependent and increase with increase in temperature and are 
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more active at lower frequencies whereas ionic and electronic polarization that are 

relatively independent of temperature play a more important role at higher frequencies. 

This accounts for the increase in dielectric constant at lower frequencies as compared to 

higher frequencies. The rapid increase of dielectric constant with temperature begins at 

a lower temperature for CoFe2O4 and moves towards higher temperature as the nickel 

concentration increases. This is because the activation energy for the nickel rich ferrites 

is higher. With increase in the nickel concentration the density of the ferrite increase, 

this increases the energy barrier thereby decreasing electron hopping and consequently 

polarization. 

The dielectric loss (loss tangent) variation as a function of temperature was also studied 

(Fig. 4.38). This represents the lag in polarization with the applied AC field. At low 

frequencies the loss shows an increase up to a certain temperature and then decreases. 

The maximum point in the curve corresponds to the frequency at which the applied field 

match the electron hopping frequency [84]. At low frequencies the grain boundaries are 

more important. The high resistivity of the grain boundaries means more energy is lost 

during electron hopping between ions. In the high frequency regions, the grains play a 

more dominant role and the energy losses are less. This explains the low values of 

dielectric loss at high frequencies. 

 

4.7.3.c Variation of dielectric properties as a function of nickel concentration 

The room temperature variation of dielectric constant with composition in the sintered 

NixCo1-xFe2O4 (x= 0.0-1.0) ferrites (Fig. 4.35) indicates that the dielectric constant 

decreases with increase in nickel content up to x= 0.5 and then it increases with further 

increase in nickel concentration. As nickel is incorporated into the spinel lattice at the 

octahedral sites, it displaces some of the Fe3+ ions from the octahedral sites to the 

tetrahedral site. This reduces the negative charge carriers (electrons) at the octahedral 

site. This decreases the polarization due to lesser electrons which in turn decreases the 

dielectric constant. However, going above the concentration of x = 0.5 (of nickel), there 

is an increase in dielectric constant. One plausible reason could be an increased 

contribution from the positive charge carriers to interfacial polarization. Also as the Ni2+ 

ion has a smaller radius than Fe3+ ion, the hopping distance between the ions at the 

octahedral site gets reduced which can enhance the hopping rate.  
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Fig. 4.37 Dielectric constant as a function of temperature of ‘sintered’ NixCo1-xFe2O4           

(x = 0.0 - 1.0) ferrites at different frequencies. 
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Fig. 4.38 Loss tangent as a function of temperature of ‘sintered’ NixCo1-xFe2O4                    

(x = 0.0 - 1.0) ferrites at different frequencies. 
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At higher temperatures, the variation of dielectric constant with nickel concentration, 

changes. The dielectric constant decreases continuously with increase in nickel 

concentration. This is due to decrease in contribution of the positive charge carriers at 

high temperature. Now only the electrons contribute to the polarization and as their 

content decreases due to decrease in Fe3+ ions at the octahedral site with increase in 

nickel concentration, the dielectric constant decreases. 

 

4.7.4 Initial permeability 

The initial permeability in ferrites is a result of the domain wall motion and spin 

rotation. The domain wall movement causes more dispersion at lower frequencies while 

spin motion is more dominant at higher frequencies [85]. The initial increase in 

permeability at low frequencies up to 100Hz is due to unpinning of these domain walls 

in presence of a weak magnetic field.  At the higher frequencies, it is frequency 

independent up to a frequency of 10 MHz. This is indicative of the compositional 

stability and homogeneity of the ferrites. This frequency independent region called the 

zone of utility makes the ferrite suitable for applications in video recording, broad band 

transformer, etc. [86].  

The compositional variation of initial permeability shows that the permeability of the 

sintered ferrites increases with increase in nickel concentration. The initial permeability 

[87] is related to saturation magnetization, average crystallite size and anisotropy 

constant. The permeability value of the ‘sintered’ NixCo1-xFe2O4 (x= 0.0-1.0) ferrites 

increases with increase in the nickel concentration with the exception of ferrite with 

composition x=0.2 (Fig. 4.39). The composition variation indicates all the three factors 

are responsible for the μi values. The anisotropy constant decrease [Table 4.18] as the 

nickel concentration increases and also the crystallite size increases with nickel 

substitution. The combination of these two factors could explain the increase in 

permeability as the nickel concentration is increased. 

The temperature dependence of μi of ‘sintered’ NixCo1-xFe2O4 (x = 0.0-1.0) ferrites is 

shown in Fig. 4.40. It can be seen from the figure that the initial permeability increases 

with increase in temperature for all the ferrite samples and drops suddenly at the Curie 

temperature (TC) [88].  This corresponds to the point at which the ferrites change from 

ferromagnetic to paramagnetic. As the temperature increases the thermal energy is so 
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high that it destroys the parallel alignment of the spins along a given axis. The sharp fall 

in the curves also confirms the formation of single phase as was concluded from the 

XRD analysis. The Curie points were obtained by drawing a tangent at the point of 

decrease and the intersection of this tangent with the temperature axis was taken as the 

TC value. The TC value increases, as the nickel concentration increases (Table 4.20, Fig. 

4.34).  As nickel is introduced in the samples, Fe3+ ions move from the tetrahedral (A-

sites) to the octahedral (B-sites) replacing the Co2+ ions there. This intensifies the A-B 

interaction due to the replacement of Co2+ ions with more magnetic Fe3+ ions. The 

lattice parameter [Table 4.14] also decreases with increase in nickel concentration 

which means the ions on the A-site and the B-site are in closer proximity to each other 

which increases the exchange interactions. Thus a larger amount of energy will be 

required to break the magnetic interactions leading to an increase in Curie temperature. 

 

Fig. 4.39 Variation of Initial Permeability with frequency of ‘sintered’ NixCo1-xFe2O4    

(x = 0.0 - 1.0) ferrites. 

 

Fig. 4.40 Variation of Initial Permeability with temperature of ‘sintered’ NixCo1-xFe2O4 

(x = 0.0 - 1.0) ferrites. 
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4.7.5 Resistivity 

The DC resistivity is performed to determine the conduction mechanism that is 

operational in the ferrites. The temperature variation of resistivity as can be seen from 

figure 4.41, shows a decrease in resistivity or an increase in conductivity as the 

temperature is increased, indicating the semiconducting nature of the ferrites.  

 

Fig. 4.41 Plot of log of resistivity vs 1000/T of ‘sintered’ NixCo1-xFe2O4 (x =0.0 - 1.0) 

ferrites. 

The graphs follow the Arrhenius equation with the logarithm of conductance decreasing 

linearly with the inverse of temperature. The curves show a break where the slope of the 

line changes indicating a change in conduction mechanism [89]. There are two such 

breaks indicating three conduction region. The first region at lower temperatures which 

is due to impurity and absorbed species on the surface. The second region is due to the 

hopping of electron in an ordered ferromagnetic structure. The third region is a 

disordered random spin paramagnetic structure. The temperature at which the change 

from the second to the third region takes place is called Curie temperature. According to 

Verwey model, the conduction mechanism is due to the hopping of electrons between 

the ions of the same element in different oxidation states or due to the hopping of holes 

[90]. In the second region, the ordered arrangement allows the electron to hopping more 

easily and so requires lower activation energy. In the paramagnetic region, due to the 

random orientation of the spins a larger energy is require to move the electron from one 

ion to the next.  This process requires a larger activation energy and thus causes a 

change in the slope of the line at the Curie point.  
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The activation energies obtained from the DC resistivity plots of ‘sintered’ NixCo1-

xFe2O4 (x=0.0-0.1) are given in Table 4.21. The activation energy for the paramagnetic 

region are found to be higher than the ferromagnetic region due to ordering in 

ferromagnetic region. This ordering enhances the electron hopping as less energy is 

required for hopping in the ferromagnetic region. 

 

Table 4.21 Activation energies from DC resistivity plots of ‘sintered’ NiXCo1-xFe2O4 

(x=0.0 – 1.0) ferrites. 

Ni concentration 

(x) 
0.0 0.2 0.4 0.5 0.6 0.8 1.0 

Ep (eV) 1.21 1.33 1.29 1.28 1.33 1.39 1.32 

Ef (eV) 1.20 0.98 1.05 1.14 1.16 1.22 1.25 

ΔE (eV) 0.01 0.35 0.24 0.14 0.17 0.17 0.07 
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4.8 Summary 

The precursor combustion method was successfully employed to synthesize NiXCo1-

xFe2O4 (x=0.0-0.1) ferrites. The precursor obtained as hexahydrazinated mixed metal 

succinates having the composition NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0) was 

synthesized sucessfully from metal chlorides, sodium succinate and hydrazine. The 

elemental analysis confirmed the metal content and the hydrazine estimation revealed 

that there are six hydrazine molecules in the precursors. This confirmed the 

stoichiometry of the precursor and hence fixed the formula as NixCo1-

xFe2(C4H4O4)3·6N2H4 (x = 0.0 - 1.0). The decomposition of the precursors were 

monitored by TG-DTA and isothermal mass loss studies along with hydrazine 

estimation. The intermediates formed during the isothermal mass loss studies were also 

subjected to Infrared analysis.  

Infrared analysis confirmed the absence of any organic phase in the ‘as-prepared’ 

ferrites. The formation of spinel phase was confirmed from X-ray diffraction which did 

not show any impurity peak in the diffractogram. The lattice parameter decreased as the 

nickel concentration increased. The crystallite size was found to be in range of 20-32 

nm. The X-ray density decreased while the bulk density increased as the nickel 

concentration was increased, this resulted in an increase in porosity of the ferrites. 

Infrared analysis showed the characteristic peaks of the ferrites, which shifted to higher 

wave number with increase in nickel concentration. The Raman anlysis showed four 

peaks in the region of 200-900 cm-1. Three of them were assigned as A1g, Eg and 2T2g 

which are the characteristic peaks of ferrites. All the peaks shift to higher wavenumber 

ie. blue shift in the position of the peaks is observed due to the increase in the bond 

strength at both the sites with nickel substitution. The XPS spectra showed that the 

nickel and cobalt are both present exclusively in +2 oxidation state and iron is present as 

high spin Fe3+ ions only. The deconvulated spectra also showed the presence of iron at 

both sites while Co2+ ions occupied the tetrahedral sites. 

The MH curves showed a change from a hard to a soft magnetic material. This could be 

seen as decrease in the coercivity and decrease in the width of the loops. The saturation 

magnetization did not give a regular decrease with increase in nickel concentration due 

to the nanosized nature of the ‘as-prepared’ ferrites. The saturation magnetization 

values at low temperature followed the same trend as the room temperature values. The 

loops do not go to saturation even at low temperature further confirming the spin canted 
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structure of the ferrites. An interesting observation in the field cooled MH curves at low 

temperature was a shift in the loops in the negative field direction resulting in an 

exchange bias. The high anisotropy of the ferrite samples was further seen in the MT 

curves; the FC curves were almost independent of the temperature while the ZFC curves 

revealed a blocking temperature well above room temperature. The MT curve of 

NiFe2O4, gave a completely different trend related to its superparamagnetic character.  

The Curie temperature was obtained from the susceptibility measurements, which 

showed an increase with increase in nickel content. This was connected to the 

increasing magnetic interaction due to the higher magnetic moment of nickel. The 

variation in the susceptibility curves with temperature indicated the presence of single 

domain particles in the ‘as-prepared’ ferrites and with increase in nickel content the 

fraction of superparamagnetic particles increased. 

The frequency and temperature variation of dielectric constant was explained on the 

basis of Koop’s and Wagner’s model. The dielectric constant decreased with increase in 

frequency. At room temperature, the dielectric constant decreased with increase in 

nickel content upto x =0.4 and then increased with further increase in nickel content. 

The loss tangent curves showed resonance peaks for all the ‘as prepared’ ferrites. The 

conductivity measurements indicated semiconductor behaviour.  

The sintering of the samples retained the ferrite phase with improvement in the 

crystallinity and increase in the crystallite size. The lattice parameter decreased with 

increase in nickel content. The lattice parameter was lower than that of the ‘as-prepared’ 

ferrites. The X-ray density increased with increase in nickel content while the bulk 

density was maximum for the sintered ferrite with composition x= 0.2 while decreases 

with increase in nickel content from x≥0.4.  

The Raman spectroscopic studies further confirmed the monophasic nature of all the 

sintered ferrites. The variation in intensity and positions of A1g and T2g peaks were 

observed with increase in Ni2+ ions in ferrites which can be attributed to the cationic 

redistribution. The sintering induced microstructural changes as observed from SEM 

showed increased grain size. 

The saturation magnetization was higher than the values obtained for ‘as-prepared’ 

ferrites. The coercivity obtained was also much lower than the bulk values. Both these 

value decreased as the nickel content was increased in the sintered ferrites. The AC 
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susceptibility showed the magnetic transition at Curie temperature with successive 

increase in Curie temperature with increasing Ni2+
 ion substitution. The presence of 

single domain particles in sintered ferrites was found in the present studies. The 

temperature variation of initial permeability showed an increase in values as 

temperature was increased and then dropped to zero at the Curie point. The permeability 

and Curie temperature decreased with increase in Ni2+
 ions substitution. The Curie 

temperature of the sintered ferrite samples obtained from the initial permeability studies 

closely matched with those obtained from AC susceptibility measurements.  

The dielectric constant and loss tangent decreased as the frequency was increased and 

increased with increase in temperature. The temperature variation was more prominent 

at lower frequencies with the increase shifting to higher temperatures as the nickel 

concentration was increased.  
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Chapter 5 

Synthesis, characterization and solid state studies of 

NixMg1-xFe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,0.7, 0.8, 

0.9, 1.0) 

5.1 Introduction 

The site and valence distribution of metal cations in spinel ferrites decides its structural, 

electrical and magnetic properties. The addition of magnesium ion in the lattice of 

nickel ferrite reduces its magnetocrystalline anisotropy, magnetic and eddy current 

losses which are desirable for transformer core materials [1]. The NiFe2O4 has an 

inverse spinel structure.  Due to its high power handling capability it finds application at 

microwave frequencies. The low eddy current loss coupled with low conductivity 

makes it a good material in electronic devices. Magnesium ferrite, on the other hand has 

cubic structure of normal spinel-type. It is soft magnetic, n-type intrinsic 

semiconducting material which finds a number of applications in heterogeneous 

catalysis, adsorption, sensors and in magnetic technologies. The soft magnetic property 

also makes it a promising material in drug delivery, data storage and transmission, 

spintronic and microwaves devices. Nickel and magnesium ferrites are extensively used 

in a number of electronic devices due to their high permeability at higher frequency, 

remarkably high electrical resistivity, mechanical hardness, chemical stability and 

reasonable cost [2]. The substitution of diamagnetic ions into a spinel lattice leads to 

interesting magnetic properties in spinel ferrites [3]. There is still a need to understand 

and correlate these properties. 

With this in mind, the ferrite series having the composition NixMg1-xFe2O4 (x = 0.0-

1.0, x = 0.1) was synthesized by the combustion method. The oxidizer to fuel ratio 

was first fixed and the ferrite series was then synthesized. The characterization and 

the solid state properties of the ‘as-prepared’ and ‘sintered’ NixMg1-xFe2O4 (x = 0.0 

- 1.0, x = 0.1) ferrites with change in nickel concentration are reported in this 

chapter along with its gas sensing properties. 
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5.2 Synthesis of NixMg1-xFe2O4 (x = 0.0 - 1.0) by combustion 

method 

The nickel doped magnesium ferrite were synthesized by combustion method using 

hexamethylenetetramine (hexamine) as fuel as described in section 2.3.2 in chapter 2. 

The effect of oxidizer to fuel ratio on the properties of Ni0.5Mg0.5Fe2O4 was first studied 

in order to fix the fuel ratio that would be used to synthesize the ferrite series. The 

oxidizer to fuel ratio (O/F) studies is explained in the subsequent section. 

 

5.3 Oxidizer to fuel ratio 

The oxidizer to fuel ratio influences the morphology, size and phase of the combusted 

product formed in a combustion synthesis. The redox reaction that takes place during 

the combustion process to give the nano ferrite, Ni0.5Mg0.5Fe2O4 is represented by the 

equation give below. 

0.5 Ni(NO3)2.6H2O  +  0.5 Mg(NO3)2.6H2O  +  2 Fe(NO3)3.9H2O  +  x (CH2)6N4                                                                                                   

Ni0.5Mg0.5Fe2O4  +  (23.5 + x) H2O  +  6x CO2  +  (4+2x) N2  +  (10-9x) O2 

During the combustion reaction, the maximum temperature (called the adiabatic flame 

temperature) is reached when the oxidizer and fuel are in stoichiometric proportions        

(Φ =1) and it decreases when Φ ≠1, as the temperature is used up to heat the excess 

reactants or products. This adiabatic flame temperature governs the properties of the 

ferrite such as crystallite size, nature of agglomeration, surface area and degree of 

inversion [4]. Thus the properties of ferrites can be tuned by varying the O/F ratio.  

 

5.3.1 Characterization of Ni0.5Mg0.5Fe2O4 obtained from different 

oxidizer to fuel ratios 

The spinel phase formation of Ni0.5Mg0.5Fe2O4 ferrite synthesized with the different 

oxidizer to fuel ratios was confirmed using powder X-ray diffraction. The 

diffractograms showed the different peaks which were indexed with the peaks of cubic 

spinel phase of ferrites (Fig. 5.1). When the O/F ratio was stoichiometric (Φ=1) and fuel 

deficient (Φ>1), pure spinel phase was obtained whereas for fuel excess ratios (Φ<1) a 

small trace of α-Fe2O3 impurity was seen in the diffractograms. The effect of fuel ratio 
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on the average crystallite size was calculated from Scherer’s formula and is presented in 

the Fig. 5.2. Smaller average crystallite size was obtained for fuel deficient ratios which 

increased with increase in the O/F ratio [Table 5.1], this indicates that reaction 

conditions like the adiabatic flame temperature, moles of gases released and enthalpy of 

the reaction have an influence on the crystallite size. The large volume of gases 

produced transfers heat out of the system thereby hindering the particle growth. The 

number of moles of gases produced increases with increase in the O/F ratio. The 

adiabatic flame temperature also influences the particle growth, which also increases 

with increase in the O/F ratio [5]. The fuel excess ratios have a higher adiabatic flame 

temperature and release a larger amount of gases than fuel deficient ratios due to excess 

fuel used. The results obtained for the different O/F ratios indicate that there is a 

competition between these two factors during the combustion synthesis which will 

decide the average crystallite size. The presence of α-Fe2O3 impurity can cause an 

expansion of the crystal lattice due to the formation of defects like vacancies, making 

the structure porous, could also be responsible for the increasing crystallite size (Fig. 

5.2). The lattice parameter, unit cell volume and other parameters are summarized in 

Table 5.1. The lattice parameter of all the samples was found to be in the range of 8.356 

to 8.369 Å while the unit cell volume was between 583 to 586 [Table 5.1].  

 

Fig. 5.1 The X-ray diffractograms of Ni0.5Mg0.5Fe2O4 obtained from different O/F 

ratios. 
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Fig. 5.2 Variation of average crystallite size of Ni0.5Mg0.5Fe2O4 obtained from different 

O/F ratios. 

 

Table 5.1 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), X-

ray density (dx), Bulk density (dm) and Porosity (P) of Ni0.5Mg0.5Fe2O4 obtained from 

different O/F ratios. 

Sample 

Code 

O/F 

Ratio 

a        

(Å) 

D    

(nm) 

V     

(Å3) 

dx    

(g/cm3) 

dm   

(g/cm3) 

P  

(%) 

D6 1:0.12 8.367 12.5 585 4.92 2.86 42 

D5 1:0.17 8.358 8.8 583 4.94 2.76 44 

D4 1:0.22 8.368 14.1 585 4.92 2.81 42 

D3 1:0.27 8.361 15.4 584 4.94 2.87 41 

D2 1:0.32 8.362 19.2 584 4.93 2.93 40 

D1 1:0.37 8.356 18.1 583 4.94 2.93 40 

D7 1:0.42 8.365 22.4 585 4.92 2.94 40 

D8 1:0.47 8.361 25.2 584 4.93 2.81 43 

D9 1:0.52 8.369 17.5 586 4.91 2.91 40 

D10 1:0.57 8.357 17.1 583 4.94 2.72 42 

D11 1:0.62 8.361 23.7 584 4.93 2.83 45 
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To further confirm the formation of the spinel phase of Ni0.5Mg0.5Fe2O4, Infrared 

analysis was carried out for the samples with different fuel ratios (Fig. 5.3) recorded in 

the range 400-4000 cm-1. The two major peaks were observed in the region from 400-

1000 cm-1 corresponding to the stretching of the metal oxygen bond at the tetrahedral 

and octahedral sites [6]. The metal oxygen tetrahedral stretching was observed at around 

600 cm-1, with the band for very high fuel ratios was comparatively at lower wave 

numbers (Table 5.2). The octahedral stretching was observed at around 400 cm-1. 

 

Fig. 5.3 Infrared spectra of Ni0.5Mg0.5Fe2O4 obtained from different O/F ratios. 

 

5.3.2 Study of solid state properties of Ni0.5Mg0.5Fe2O4 obtained from 

different O/F ratios 

The DC magnetization curves of all the ferrites samples synthesized with different O/F 

ratios were recorded at room temperature. All the ferrites show soft magnetic behavior 

(Fig. 5.4) with S-shaped loops. The variation of saturation magnetization, coercivity and 

remanant magnetization values of ferrite samples synthesized using different O/F ratios 

are presented in Table 5.2. It was observed that the saturation magnetization of 

Ni0.5Mg0.5Fe2O4 was dependent on the oxidizer to fuel ratio used. The saturation 

magnetization values were comparatively lower for the ferrites synthesized with fuel 

deficient ratios and were higher when fuel excess ratios were used to synthesize the 

ferrites. The low saturation magnetization values of fuel deficient ratios could be due to 

the nanosize nature and low crystallinity of the samples. It may be also due to different 

cation distribution which can arise due to different adiabatic temperatures associated 
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with the different oxidizer/fuel ratios used for synthesis [9]. This could be another 

plausible explanation for the increase or decrease in saturation magnetization values. 

The coercivity also increased with increase in the fuel ratio (Fig. 5.5), this trend could 

be related to the increase in crystallite size with increase in O/F ratios [10]. 

 

Fig. 5.4 Hysteresis loops of Ni0.5Mg0.5Fe2O4 obtained from different O/F ratios. 

 

Fig. 5.5 Variation of saturation magnetization and coercivity of Ni0.5Mg0.5Fe2O4 

obtained from different O/F ratios. 
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Table 5.2 Magnetization data and M-Otet stretching frequencies of Ni05Mg0.5Fe2O4 

obtained from different O/F ratios at room temperature. 

 

The dielectric properties of the Ni0.5Mg0.5Fe2O4 ferrites synthesized with different O/F 

ratios were studied as a function of frequency and was found to depend on parameters 

such as synthesis method, crystallite size, cation distribution, etc. The variation of 

dielectric constant as a function of frequency in the range of 20Hz to 10MHz is shown 

in Fig. 5.6. The dielectric constant decreases with increase in frequency, at low 

frequencies the decrease is fast and the frequency dependence becomes slower at higher 

frequencies. At frequencies above 10KHz the dielectric constant is independent of the 

applied AC frequency. This is the normal trend in dielectric constant of ferrite materials 

with change in frequency [7]. The Ni0.5Mg0.5Fe2O4 synthesized with higher fuel content 

showed a higher dielectric constant than those synthesized with lower fuel ratios (Fig. 

5.6). This is related to the larger crystallite size of the ferrites with higher O/F ratio; the 

larger size particles will have a lesser number of grain boundaries, which will result in a 

higher value of dielectric constant. 

Code Ms (emu/g) Hc (Oe) Mr (emu/g) γ1 (cm-1) 

D6 21.9 78 1.37 594 

D5 17.4 76 1.33 594 

D4 21.8 61 1.83 594 

D3 23.9 43 2.78 587 

D2 22.3 90 3.47 594 

D1 23.8 117 4.1 589 

D7 31.8 136 6.87 581 

D8 24.1 89 4.48 596 

D9 23.6 148 4.87 594 

D10 24.2 150 5.09 588 

D11 27.1 122 5.84 581 
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The dielectric loss is considered the most important core loss in ferrites. The variation 

of loss tangent with frequency for the Ni0.5Mg0.5Fe2O4 ferrite samples synthesized using 

different O/F ratios is shown in Fig. 5.7. One can see from the figure that the curves 

initially increase, reach a maxima and then decreases with further increase in frequency. 

The maximum value in the curve is the relaxation peak which correspond to the 

contribution of both n-type and p-type charge carriers [7]. The hopping of electrons at 

the octahedral site between Fe2+ and Fe3+ is responsible for the n-type conduction and 

the hopping of positive holes between Ni2+ and Ni3+ is responsible for the p-type 

conduction. When this hopping frequency matches the external frequency the relaxation 

peaks are observed. At higher frequencies the hopping frequency cannot follow the 

external field and hence tan δ decreases with further increase in frequency [8]. 

  

 Fig. 5.6 Dielectric constant                   Fig. 5.7 Dielectric loss tangent 

of Ni0.5Mg0.5Fe2O4 obtained from different O/F ratios. 

 

From the characterization and study of solid state properties of Ni0.5Mg0.5Fe2O4 

synthesized by using different oxidizer/fuel ratios, a fuel deficient oxidizer to fuel ratio 

(O/F) of 1:0.17 was selected to synthesize the ferrite series due to its small crystallite 

size, single phase spinel structure with broadening in XRD peaks, lower saturation 

magnetization and lower dielectric constant values. The ferrite series with the 

composition NixMg1-xFe2O4  (x = 0.0 - 1.0, x = 0.1) was synthesized using hexamine 

as fuel. 
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5.4 Characterization of ‘as-prepared’ NixMg1-xFe2O4 (x = 0.0 -

1.0) 

The ferrite series of nickel doped magnesium ferrite NixMg1-xFe2O4 (x = 0.0-1.0) was 

synthesized by combustion method using hexamine as fuel. A fuel deficient oxidizer to 

fuel ratio (O/F) of 1:0.17 was selected to synthesize these ferrites. The product of the 

combustion reaction, called the ‘as-burnt’ ferrite was calcined at 500oC for 5 hrs to 

remove any unburnt carbon that could have been formed during the combustion 

reaction. The calcined powders were then ground for 2 hrs using mortar and pestle to 

obtain the ‘as-prepared’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites. These ferrites were 

characterized by powder X-ray diffraction and Infrared spectroscopy to confirm the 

formation of pure spinel phase. Transmission electron microscopy images of the ferrite 

samples were recorded to study the size and morphology of the particles. The details of 

all these characterization is discussed in the following section. 

 

5.4.1 X-ray diffraction analysis 

The X-ray diffractogram of the ‘as-prepared’ NixMg1-xFe2O4 (x = 0.0-1.0) is shown in 

Fig. 5.8. The diffraction lines provide clear evidence for the formation of cubic spinel 

ferrite phase. The diffractogram shows major characteristic peaks at 30.20o, 35.58o, 

43.26o, 53.69o, 57.22o and 62.85o which can be indexed with the (220), (311), (400), 

(422), (511) and (440) diffraction planes which are the characteristic planes of a cubic 

spinel ferrite structure [11,12]. Diffraction peaks corresponding to impurity phases of α-

Fe2O3 were detected in the X-ray spectra of MgFe2O4 and Ni0.1Mg0.9Fe2O4 while the 

remaining ferrites in the series were obtained in single phase. It can be seen from Fig 

5.8, that the (311) peak shifts to higher 2θ values with increase in nickel concentration. 

The lattice parameters of the ‘as-prepared’ ferrite series plotted against the nickel 

content shows decreasing trend (Fig. 5.9). This is due to the smaller ionic radius of 

nickel (0.69Å) as compared with that of Mg (0.72Å). The substitution of magnesium by 

nickel in the crystal lattice leads to a reduction in the size and volume of the unit cell 

[12,13]. The average crystallite size calculated using Scherer’s formula is reported in 

Table 5.3 and was found to be in the range of 9 to 18 nm. The distance between the ions 

in the tetrahedral site called the tetrahedral hopping length (LA) and the distance 

between the ions on the octahedral sites called the octahedral hopping length (LB), 
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decreased with increase in nickel concentration in the ferrites (Fig. 5.10, Table 5.3). The 

initial increase observed up to x = 0.2 was due to the presence of α-Fe2O3 impurity in 

these ferrites. The volume of the unit cell (V), the X-ray density (dx), the bulk density 

(dm) and Porosity (P) of the ‘as-prepared’ ferrites are presented in Table 5.3. The X-ray 

density was found to decrease while the bulk density increased with increase in nickel 

concentration [Table 5.3].  

 

Fig. 5.8 X-ray diffractogram of ‘as-prepared’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 

 

Fig. 5.9 Variation of lattice parameter and X-ray density of ‘as-prepared’            

NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 
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Fig. 5.10 Variation of tetrahedral and octahedral hopping lengths of ‘as-prepared’ 

NixMg1-xFe2O4 (x = 0.0- 1.0) ferrites. 

 

Table 5.3 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), 

Tetrahedral hopping length (LA), Octahedral hopping length (LB), X-ray density (dx), 

Bulk density (dm) and Porosity (P) of ‘as-prepared’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 

X a      

(Å) 

D    

(nm) 

V     

(Å3) 

LA     

(Å) 

LB     

(Å) 

dx 

(g/cm3) 

dm 

(g/cm3) 

P   

(%) 

0.0 8.378 18 588 3.628 2.962 4.08 2.50 38 

0.1 8.381 12 589 3.629 2.963 4.73 2.59 45 

0.2 8.375 9 587 3.627 2.961 4.66 2.72 41 

0.3 8.374 11 587 3.626 2.960 4.75 2.82 40 

0.4 8.367 15 585 3.623 2.958 4.84 3.00 39 

0.5 8.365 11 585 3.622 2.957 4.92 3.03 38 

0.6 8.360 12 584 3.620 2.955 5.01 3.11 37 

0.7 8.354 16 583 3.618 2.953 5.15 3.24 37 

0.8 8.351 17 582 3.616 2.952 5.18 3.30 36 

0.9 8.341 17 581 3.612 2.949 5.28 3.39 35 

1.0 8.340 18 580 3.611 2.948 5.36 3.48 35 
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5.4.2 Infrared analysis 

The Infrared spectra of ‘as-prepared’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites was studied in 

the frequency range 350-1000 cm-1 and is shown in Fig. 5.11. The figure shows two 

major absorption bands in the frequency range 350-800 cm-1 which are characteristics 

of spinel ferrites [14, 15]. The higher frequency absorption band (γ1) is caused by the 

stretching vibrations of the tetrahedral metal-oxygen bond and the lower frequency 

absorption band (γ2) is caused by the metal-oxygen vibration at the octahedral sites. The 

M-Otet band was observed at ~600 cm-1 while the M-Ooct band was observed at a lower 

frequency of ~402 cm-1. The difference in the band positions are expected because the 

bond lengths of Fe3+- O2- bond are not equal for the tetrahedral and octahedral sites. It 

was found that the Fe-O distance on the A-site (1.89 Å) is smaller than that on the B-

site (1.99 Å) [16]. The smaller bond length on the A-site will result in a stronger bond 

and hence a higher force constant, consequently the M-Otet band is observed at a higher 

frequency.  

 

Fig. 5.11 Infrared spectra of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

 

The γ1 band shifts to a higher wave number (blue shift) as the nickel concentration 

increases [Table 5.4]. The Ni2+ ions prefer to occupy the octahedral sites in the spinel 

lattice. As the nickel concentration increases, the Fe3+ ions move to the tetrahedral site 

replacing the Mg2+ ions there. The smaller ionic radius of Fe3+ as compared with that of 
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Mg2+ ions results in an increase in the bond strength at the tetrahedral site; this causes 

an increase in γ1. There is no much change in γ2 band position as the nickel 

concentration was increased.  

 

Table 5.4 The M-O stretching frequencies in the tetrahedral (γ1) and octahedral (γ2) 

sites of the ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.3 Transmission electron microscopy 

In order to obtain the morphology, shape and to confirm the size of the ‘as-prepared’ 

ferrites, transmission electron microscopy images of the samples were taken and the 

same are shown in Fig. 5.12 (a-g). The images show that the particles have a nearly 

hexagonal shape and the particle size lies in the range of 20-35 nm. The sizes obtained 

are slightly larger than the average crystallite size obtained from XRD [Table 5.3]. The 

particle size distribution was small with little agglomeration as can be seen from the 

images. The ferrite particles were obtained in good crystalline form as can be inferred 

Ni Concentration (x) γ 1 (cm-1) γ 2 (cm-1) 

0.0 560 409 

0.1 567 408 

0.2 580 409 

0.3 594 409 

0.4 595 408 

0.5 599 407 

0.6 605 408 

0.7 605 408 

0.8 601 408 

0.9 600 409 

1.0 600 408 
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from the concentric rings in the SAED pattern. The diffraction rings could also be 

indexed with the lattice planes of cubic spinel ferrite as shown in Figure 5.12 (a1-g1). A 

rod shape morphology was seen in certain ferrite samples (Fig. 5.12 b,c,d,e). 

 

 

  

   

 

Fig. 5.12 TEM micrographs of ‘as-prepared’ ferrites a) MgFe2O4 b) Ni0.2Mg0.8Fe2O4                      

c) Ni0.4Mg0.6Fe2O4 d) Ni0.5Mg0.5Fe2O4 e) Ni0.6Mg0.4Fe2O4 f) Ni0.8Mg0.2Fe2O4 and           

g) NiFe2O4.     

  Electron diffraction pattern of ‘as-prepared’ ferrites a1) MgFe2O4 b1) Ni0.2Mg0.8Fe2O4          

c1) Ni0.4Mg0.6Fe2O4 d1) Ni0.5Mg0.5Fe2O4 e1) Ni0.6Mg0.4Fe2O4 f1) Ni0.8Mg0.2Fe2O4 and 

g1) NiFe2O4 

a

   

a1 b

   

b1 

c

   

c1 d

   

d1 

e

   

e1 f

   

f1 

g

   

g1 

50 nm 

50 nm 

2 1/nm 

2 1/nm 2 1/nm 

2 1/nm 5 1/nm 

50 nm 20 nm 

20 nm 
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5.5 Solid state properties of ‘as-prepared’ NixMg1-xFe2O4        

(x =0.0-1.0) ferrites 

The solid state properties of the ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites are 

sensitive to the method of preparation. In this section the variation of properties of the 

‘as-prepared’ ferrites with nickel concentration are discussed.  

 

5.5.1 Magnetic properties 

The magnetic properties of the ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites were 

studied as a function of temperature as well as a function of the applied field. The 

variation of the magnetic moment as a function of the applied field was studied in the 

range of -3T to 3T at room temperature and at 50K.  

The room temperature magnetization curves of the ‘as-prepared’ NixMg1-xFe2O4 (x 

=0.0-1.0) ferrites are shown in Fig. 5.13. The saturation magnetization was found to be 

lower than the bulk values reported in literature [17]. The nanosize nature of the ‘as-

prepared’ ferrites results in the formation of a core-shell structure in which there is a 

non-collinear alignment of the surface spins with respect to the core spins. These 

surface spins do not align with the external magnetic field very easily and lead to a 

decrease in magnetization values. The sizes of the particles also play an important role 

in the magnetization values. Smaller grains or particles will have a greater number of 

grain boundaries leading to lesser magnetization values [18].  

The M-H curves clearly indicate the ferrimagnetic nature of the ferrite samples. The 

saturation magnetization increased with increase in nickel concentration though this 

increase is not regular. The replacement of magnesium by nickel should increase the 

magnetization values due to the larger magnetic moment of Ni2+ ions as compared to 

that of Mg2+ ions. The Mg2+ ions in a weak octahedral field has no unpaired electrons 

and is nonmagnetic while Ni2+ ions with a configuration of (t2g
6 eg

2) has two unpaired 

electrons ensuing a magnetic moment of 2μB. The Ni2+ ions prefer to occupy the 

octahedral sites while the Mg2+ ions can be distributed over both the tetrahedral and 

octahedral sites [19]. As Ni2+ ions are introduced in the spinel ferrite lattice (for x ≤ 0.7), 

they will replace the Mg2+ ions that are present at the octahedral site. The higher 

magnetic moment of Ni2+ ions as compared to non-magnetic Mg2+ ions results in an 
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increase in saturation magnetization. Once all the Mg2+ ions have been replaced the 

further addition of Ni2+ ions (x ≥ 0.8) will cause an equivalent amount of Fe3+ ions to 

migrate from the octahedral to the tetrahedral site replacing the departing Mg2+ ions 

there. This will lead to increase in magnetic moment at the tetrahedral site.  

 

Fig. 5.13 M-H curves of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites at room 

temperature.  

 

In accordance with Néel’s two sub-lattice model (M= MB-MA), an increase in the 

magnetic moment on the tetrahedral (A) site will result in a decrease in the saturation 

magnetization values. The non-regular increase in saturation magnetization with 

increase in the nickel doping (Fig. 5.14) could be credited to the nano size nature of the 

ferrites. This results in a magnetic structure in which the core spins are ordered while 

the surface spins are canted with respect to the core [20]. The low saturation 

magnetization values for x ≤ 0.2, is due to the impurity phase present in these ferrites. 

There is no fixed trend in the coercivity of the ‘as-prepared’ ferrites but there is a 

general decreased in coercivity with increase in the nickel content. The 

magnetocrystalline anisotropy of Mg2+ ion is lower than that of Ni2+ ions [1] so the 

addition of nickel should result in an increase in coercivity. The nano nature of the 

ferrites leads to a random occupation of the metal cations at both the sites leading to a 

non-regular trend in coercivity values. The magnetic anisotropy constant (K) also shows 

non-regular trend with increase in nickel content (Fig. 5.14).  The squareness ratio 
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(Mr/Ms) of the ferrites at room temperature are less than 0.5 which indicates that the 

particles in the ferrites have magnetostatic interaction between themselves [21,22]. 

         

Fig. 5.14 Compositional dependence of saturation magnetization (Ms) and magnetic 

anisotropy constant (K) of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) at RT. 

                                                             

Fig. 5.15 M-H curves of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites at 50K. 

 

The saturation magnetization values (Ms) at 50K are higher than the room temperature 

values [Table 5.5] due to decrease in the thermal fluctuation effects on the magnetic 

ions at low temperature. The coercivity values of ferrites are also found to be higher at 
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50 K than observed at room temperature. The room temperature as well as the low 

temperature M-H loops does not go to saturation even at a high field of 3T; this is due 

to the canted or misaligned spins at the surface which do not tend to align in the 

direction of the applied field. The core spins can be considered as a ferromagnetic layer 

while the surface spins form the anti-ferromagnetic layer [23]. The antiferromagnetic 

interaction at the surface causes the magnetization to increase linearly and is responsible 

for unsaturation while the ferromagnetic contribution tends to saturate the 

magnetization. This results in unsaturation even at a high field. 

 

Table 5.5 Magnetization data as a function of nickel concentration at room temperature 

and at 50K of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites.   

 Room Temperature 50 K 

X 
Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Mr/ 

Ms 

K *103 

(erg/cm3) 

Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

Mr/

Ms 

0.0 9.64 82 1.57 0.16 1.14 14.7 260 3.12 0.21 

0.1 11.2 96 1.35 0.12 2.24 15.6 302 3.8 0.24 

0.2 7.7 66 0.46 0.06 1.09 11.7 345 2.06 0.18 

0.3 15.4 80 1.26 0.08 2.54 20.1 430 5.49 0.27 

0.4 18.6 79 1.68 0.09 3.44 23.8 255 5.11 0.29 

0.5 22.8 60 1.75 0.07 2.83 28.8 320 8.53 0.21 

0.6 24.9 49 1.60 0.06 2.55 30.1 350 8.25 0.27 

0.7 26.9 50 2.11 0.07 2.79 31.3 301 9.13 0.29 

0.8 26.8 50 2.44 0.09 2.78 37.1 320 8.59 0.23 

0.9 31.9 51 2.58 0.08 3.40 36.1 300 10.03 0.27 

1.0 26.9 61 2.99 0.11 3.43 34.3 285 9.22 0.26 

 

The Fig. 5.16 shows the zero field cooled (MZFC) and field cooled (MFC) curves of ‘as-

prepared’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites nanoparticles measured in the temperature 
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range of 50K to 400K under an applied field of 250 Oe, 500 Oe and 1000 Oe. As can be 

seen from the plots, as the temperature increases in the ZFC measurement, initially the 

MZFC increases with increase in temperature, then exhibits a broad maximum at specific 

critical temperature called the blocking temperature (TB) [Table 5.6] and finally 

decreases with further increase in temperature. The broad nature of the peaks observed 

in plots indicates a distribution of different sized particles and dipole-dipole interactions 

at the nano domain level [24]. It has been known that such maxima in MZFC curves is 

the product of two effects, the first causing an increase in MZFC by individual magnetic 

domains having enough thermal energy to go for the new alignment at lower energy 

with the applied field and the second effect due to the thermal energy overcoming of 

magnetic domains with the field, thus randomizing the magnetic anisotropy and hence 

lowering the MZFC value [24]. When the ferrite nanoparticles were cooled in the absence 

of a magnetic field, all net magnetic moments within each particle domain aligns along 

the magnetic easy axis, however the magnetic anisotropic energy restricts the 

orientation along the easy axis of magnetization. A wide particle size distribution results 

in random orientation of nanoparticles along the easy axis thereby exhibiting low value 

of MZFC at 50K [24]. But, as the temperature increases in the MZFC measurement, the 

thermal energy overcomes the magnetic anisotropy within the smaller particle thereby 

aligning the magnetic direction of these thermally activated nanoparticles, with the 

magnetic field direction, resulting in increase in MZFC till temperature reaches TB. At 

TB, the magnetic anisotropy in all the different sized particles is overcome by the 

thermal energy resulting in alignment of nanoparticles in the direction of field thereby 

giving maximum MZFC value. Above TB, in the unblocked region, magnetization 

decreases monotonically with increase in temperature. The magnetization in the FC 

measurement decreases with increasing temperature, as expected for an assembly of 

magnetic mono-domain particles [24, 25].  The FC curves goes to saturation at low 

temperatures, indicating the presence of long range magnetic interparticle interactions 

that leads to a magnetic ordered state with high anisotropy [26, 28]. The FC 

magnetization curves increases more quickly for the samples with higher magnesium 

concentration as the temperature was decreased. This results show that there are weak 

interparticle interactions in the nanoparticles due to disordered surface spin layer [28]. 
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Fig. 5.16 MT curves of ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites at 250 Oe, 

500 Oe and 1000 Oe. 
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The ZFC and the FC measurements of all the nanoparticles show an irreversible 

magnetic behavior below the temperature called the irreversibility (Tirr) temperature. Tirr 

is defined as the temperature at which the ZFC and the FC curves split [25, 30] and is 

related to the blocking temperature of the largest particles. The blocking temperature 

TB, decreases with increase in the applied external field and increases with increase in 

nickel concentration [Table 5.6]. The separation between the MFC and the MZFC curves 

increases with nickel concentration. This is due to increase in anisotropy, as a result of 

which the energy required to flip the spins and align them with the external field is 

higher. This can also be seen in the temperature independent behavior of the MFC curves 

which is more pronounced for higher nickel concentrations. Due to high anisotropy, the 

magnetic spins cannot flip so easily and align with the applied field [30]. 

 

Table 5.6 Curie temperature (TC) and blocking temperature (TB) of ‘as-prepared’             

NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tc (K) 756 714 541 699 728 828 746 844 796 833 852 

TB (K) 93 122 117 130 138 132 157 175 200 180 197 

 

5.5.2 AC susceptibility 

The variation of normalized susceptibility of the ‘as-prepared’ NixMg1-xFe2O4 (x =0.0-

1.0) ferrites is shown in figure 5.17. The susceptibility studies were done to determine 

the domain state of the samples as well as the Curie temperature. The magnetic 

materials can be single domain (SD), multi domain (MD), super paramagnetic (SP) or a 

combination of these [31]. The ferrite with x ≤ 0.6 show a typical superparamagnetic 

behavior which changes to single domain ferromagnetic type of domain structure for x 

≥ 0.7, before undergoing paramagnetic transition at Curie temperature in all ferrites. A 

small hump in the curves just before Tc may be due to some transition which relatively 

increases the Tc value of that sample. The small broad peak followed by display of 

broad transition with tailing effect near the Curie temperature can be attributed to the 

inhomogeneity in the particle size [32]. It has been observed that the peak in the (for x ≥ 
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0.7) curves shifts to higher temperature with increase in the nickel concentrations. The 

Tc value increases with increase in the nickel concentrations in the ferrite series. It has 

been observed from the XRD data [Table 5.3] that the average crystallite size shows a 

general increase with increase in the nickel concentration along with TC. It has been 

reported [27] that Curie temperature also depends on the interaction between the 

magnetic ions in the different lattice sites in the crystal structure ie. the distribution of 

cations in the tetrahedral and octahedral sites. Since nickel is introduced in the system 

for non-magnetic magnesium, the magnetic interactions are bound to increase which 

explains the increase in Tc [Table 5.6]. The higher Curie temperature of the ferrites with 

x =0.0 and 0.1 is due to the α-Fe2O3 impurity in these ferrites.  

 

Fig. 5.17 Plot of normalized susceptibility v/s temperature of ‘as-prepared’         

NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

 

5.5.3 Dielectric properties  

5.5.3.a Variation of dielectric properties as a function of frequency 

The effect of frequency on dielectric constant at room temperature of the ‘as-prepared’         

NixMg1-xFe2O4 (x =0.0-1.0) ferrites is shown in Fig. 5.18. The sample shows normal 

behavior with frequency, where the dielectric constant decreases with increase in 

frequency. The decrease is quite rapid at low frequencies (up to 1 KHz) and becomes 

quite slow at higher frequencies. Above 1 MHz it shows frequency independent 
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behavior. This can be explained on the basis of Maxwell-Wagner theory in accordance 

with Koop’s phenomenological theory [33]. The dielectric structure of ferrite materials 

can be considered as composed of two layers, a large layer of well conducting ferrite 

grains separated by a thin layer of relatively poor conducting grain boundaries. The 

electrons reach the grain boundaries through hopping, the high resistance of the grain 

boundaries cause electrons to pile up at the boundary and produce polarization. As the 

applied field is increased beyond certain frequency the electrons cannot follow the 

applied field [34]. This decreases the possibility of the electrons reaching the grain 

boundary and as a result polarization decreases.  

 

Fig. 5.18 Frequency variation of dielectric constant of ‘as-prepared’ NixMg1-xFe2O4     

(x =0.0-1.0) ferrites. 

 

The energy loss is characterized by the dielectric loss factor (tan δ), where the angle δ is 

the phase difference between the applied electric field and the induced current. The 

dielectric loss arises when the polarization lags behind the applied alternating field and 

is caused by imperfections and impurities in the crystal lattice. The Fig. 5.19 shows the 

variation of loss tangent with frequency at room temperature. The loss tangent shows an 

initial increase with frequency, reaches a maximum and then decreases. According to 

the Rezlescu model [35], relaxation peaks occur due to the collective contribution of 

both n-type and p-type charge carriers. The n-type charge transfer in ferrites is due to 

the hopping of electrons between Fe2+ and Fe3+ ions according to   

        Fe3+     +   e-                   Fe2+                                
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While p-type charge transfer is due to  

     Ni2+                       Ni3+  +  e 

The relaxation peaks occur when the jumping rate or hopping rate of electrons between 

Fe2+ and Fe3+ becomes approximately equal to the applied field and this phenomenon is 

termed as ferromagnetic resonance [36].  

 

Fig. 5.19 Frequency variation of loss tangent of ‘as-prepared’ NixMg1-xFe2O4               

(x =0.0-1.0) ferrites. 

 

5.5.3.b Variation of dielectric properties as a function of temperature 

The variation of dielectric constant with temperature at various fixed frequencies of ‘as-

prepared’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites is shown in Fig. 5.20. The curves show 

two major regions, a low temperature region where the dielectric constant is 

independent of temperature and a higher temperature region where the dielectric 

constant increases remarkably with temperature. At higher temperatures, the charge 

carriers will have excess thermal energy which increases their mobility which in turn 

will cause them to orient in the easy direction of the applied AC field more easily 

thereby increasing their contribution to space charge polarization and consequently the 

dielectric constant increases [37]. This increase is much more rapid at low frequencies 

as compared to higher frequencies. Dielectric constant in ferrites arises due to four types 

of polarization: interfacial, dipolar, ionic and electronic polarization. At lower 

frequencies the greater contribution is from interfacial and dipolar polarizations, which 
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are highly temperature dependent and is responsible for the rapid increase in the 

dielectric constant at these frequencies [38]. Ionic and electronic polarizations are more 

dominant at higher frequencies. These polarizations are relatively temperature 

independent [39] as a result the dielectric constant does not increase much with increase 

in temperature at higher frequencies. 

 

Fig 5.20 Dielectric constant as a function of temperature of ‘as-prepared’                   

NixMg1-xFe2O4 (x =0.0-1.0) ferrites at different frequencies. 
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Fig. 5.21 Loss tangent as a function of temperature of ‘as-prepared’ NixMg1-xFe2O4         

(x =0.0-1.0) ferrites at different frequencies. 

 

Fig. 5.21 shows the temperature variation of dielectric loss tangent of ‘as-prepared’           

NixMg1-xFe2O4 (x =0.0-1.0) ferrites at different frequencies. The loss tangent also shows 

a sharp increase at higher temperatures and the increase is much more at lower 

frequencies. In the low frequency region, grain boundaries play a more dominant role. 
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The higher resistivity of the grain boundaries means that the electrons require higher 

energy to move and hence the loss is higher [33]. At higher frequencies the grains play a 

more important role and due to their conducting nature the dielectric losses are 

minimum. The variation of loss tangent with temperature shows a peaking behavior at 

low frequencies. The peaks arise when the hopping frequency matches the time period 

of the applied electric field. The relaxation peaks shift to a lower temperature as the 

nickel concentration increases. 

 

5.5.3.c Variation of dielectric properties as a function of nickel concentration 

MgFe2O4 has the lowest dielectric constant; with increase in nickel content the 

dielectric constant increased. The polarization in ferrites is due to the hopping of 

electrons between Fe3+ and Fe2+ ions situated on the octahedral sites. In NixMg1-xFe2O4, 

the Ni2+/Ni3+ ions on the B-sites can result in p- type charge carriers. The increase in 

dielectric constant could be attributed to contribution from these p-type charge carriers.  

As the nickel content increases, the hopping length decreases [Table 5.3], this will 

increase the probability of hopping of electrons and holes. The crystallite size generally 

increases with increase in nickel concentration. The larger the size of the particles, the 

lesser the grain boundaries. The grain boundaries cause scattering of the electrons 

thereby decreasing the dielectric constant. So the larger size of the ferrite particles will 

give a larger value of dielectric constant. This could plausibly explain the increase in the 

dielectric constant of the ferrites with increase in nickel doping. 

 

5.5.4 Electrical resistivity  

The variation of resistivity as a function of temperature of the ‘as-prepared’ NixMg1-

xFe2O4 (x=0.0-1.0) ferrites in the temperature range of 300 K to 800 K is shown in Fig. 

5.22 as a plot of log ρ versus 1000/T (K-1). The decreasing trend of the curve with 

increase in temperature indicates the semiconductor nature of the ferrites. The resistivity 

plot of ferrites can be divided into three regions; a low temperature impurity region, 

followed by a region where the hopping of polarons caused the decrease in resistivity 

and the final region of disordered random spin paramagnetic ordering [40]. In the 

second region, the hopping of polarons between ions in different oxidation states 

present on the crystallographically equivalent lattice site is responsible for the decrease 
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in resistivity. The distance between the metal ions on the octahedral sites is much less 

than the distance between metal ions on the tetrahedral sites, so hopping of charge 

carriers between metal ions at the octahedral site has a larger probability. At the 

octahedral site Fe3+ and Ni2+ ions are present. The electron hopping between Fe3+/Fe2+ 

and the hole hopping between Ni2+/Ni3+ can contribute to the overall electrical 

conduction. However, the mobility of electrons is far greater than the mobility of holes 

and hence electron hopping plays a more dominant role in the electrical conduction. As 

the temperature increases the number of charge carriers remain the same but the 

mobility of the charge carriers increases which explains the decrease in the resistivity 

[41]. As can be seen from the figure 5.22, as the nickel concentration increases, the 

resistivity decreases. The addition of nickel leads to an increase in the p-type charge 

carriers thereby decreasing the resistivity.  The activation energies in the ferromagnetic 

(Ef) and paramagnetic (Ep) regions of ‘as-prepared’ NiXMg1-xFe2O4 ferrites is shown in 

Table 5.7. 

 

Fig. 5.22 Temperature variation of logarithm of resistivity of ‘as-prepared’         

NixMg1-xFe2O4 (x=0.0- 1.0) ferrites. 

 

The resistivity curves show a break in the plot denoting the end of the second region 

and the start of the third region of conduction. The break occurs at the Curie 

temperature of the ferrite sample which corresponds to the change from an ordered 

ferromagnetic state to a disordered paramagnetic state [42, 43]. The activation energies 

calculated from the DC resistivity plots in the ferromagnetic (Ef) region is found to be 
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higher than the paramagnetic (Ep) region of ‘as-prepared’ NixMg1-xFe2O4 (x=0.0-1.0) 

ferrites. The reason for this trend is explained in the earlier chapters. 

 

Table 5.7 Activation energies from the DC resistivity plots in the ferromagnetic (Ef) 

and paramagnetic (Ep) region of ‘as-prepared’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites. 

Ni 

concentration 

(x) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Ep (eV) 1.04 1.03 0.98 0.68 0.68 0.61 0.54 0.48 0.47 0.41 0.45 

Ef (eV) 1.02 0.69 0.95 0.59 0.51 0.53 0.44 0.32 0.34 0.27 0.28 

ΔE (eV) 0.02 0.34 0.03 0.09 0.17 0.08 0.10 0.16 0.13 0.14 0.17 
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5.6 Characterization of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) 

ferrites 

The results of different characterization techniques used for characterization of 

‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites are presented below. 

 

5.6.1 Crystal structure  

The powder X-ray diffraction pattern of NixMg1-xFe2O4 (x =0.0-1.0) sintered at 1000ºC 

for 10 hours is shown in Figure 5.23. All the ferrite samples, show well defined (hkl) 

Bragg diffraction positions for the cubic spinel phase. The Braggs reflections in the 2θ 

range of 20-80o can be indexed with all the characteristic reflections of cubic spinel 

ferrite phase with no impurity peak due to MgO, NiO or α-Fe2O3 being observed. The 

main characteristic peaks observed at 2θ values of around 30.1 (220), 35.5 (311), 43.2 

(400), 53.5 (422), 57.2 (511), 62.8 (440) and 73.99 (533) in all the diffractograms of the 

nickel substituted magnesium ferrites, reveals that the cubic spinel structure has been 

retained. The positions of the peaks however are shifted to higher diffraction angles as 

the nickel concentration increases. The sharp peaks observed in the spectrum indicate 

that the ferrites have a good crystallinity. 

 

Fig. 5.23 X-ray diffractogram of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 
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Fig. 5.24 Variation of a) Lattice parameter and density and b) Hopping length (LA) and 

(LB) with composition of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

 

The length of the unit cell edge was calculated and showed a linear decrease with 

increase in nickel concentration (Fig. 5.24 a) in accordance with Vegard’s law. This is 

due to the smaller ionic radius of the Ni2+ ion (0.69 Å) as compared to the Mg2+ ion 

(0.72 Å) [13]. The replacement of Mg2+ ions by Ni2+ ions causes the cubic spinel unit 

cell to decrease in size, which can also be seen by the decrease in the volume of the unit 

cell [Table 5.8]. The hopping lengths of the ions at the tetrahedral (LA) and octahedral 

(LB) sites [Table 5.8] decreases with increase in nickel concentration in the sintered 

ferrite (Fig. 5.24 b). As Ni2+ ions are added they will occupy the B-site, in the process 

pushing the Fe3+ ions (radius of 0.61 Å) from the B-site to the A-site. In the tetrahedral 

site (A-site), Mg2+ ions are replaced by the Fe3+ ions which have migrated from the 

octahedral site [44]. The difference in ionic radii between these two types of ions 

explains the decrease in the hopping length. The X-ray density and bulk density of the 

ferrites are also calculated and are tabulated in the Table 5.8. The X-ray densities (Fig. 

5.24a) and bulk densities are found to increase with increase in nickel concentration. 

The lower value of bulk densities as compared to the X-ray densities of the sintered 

ferrites indicate the presence of pores that are formed during sintering. The porosity of 

the ferrites also increases with increase in nickel doping. The average crystallite size 

which was calculated using Scherrer’s formula was found to be in the range of 44-50 

nm [Table 5.8]. 

a b 
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Table 5.8 Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), 

Tetrahedral hopping length (LA), Octahedral hopping length (LB), X-ray density (dx), 

Bulk density (dm) and Porosity (P) of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites. 

Ni Concentration 

(x) 

a      

(Å) 

V      

(Å3) 

D  

(nm) 

LA         

(Å) 

LB         

(Å) 

dx      

(g/cm3) 

Dm 

(g/cm3) 

P    

(%) 

0.0 8.387 589 44 3.631 2.965 4.50 3.54 27.1 

0.1 8.382 588 45 3.629 2.963 4.58 3.56 28.6 

0.2 8.377 587 46 3.627 2.961 4.66 3.62 28.8 

0.3 8.371 586 44 3.624 2.959 4.76 3.69 28.9 

0.4 8.366 585 48 3.622 2.958 4.84 3.75 29.1 

0.5 8.361 584 47 3.620 2.956 4.93 3.81 29.3 

0.6 8.355 583 47 3.617 2.954 5.02 3.87 29.7 

0.7 8.352 582 50 3.616 2.953 5.16 3.96 30.3 

0.8 8.348 581 47 3.615 2.951 5.19 3.98 30.4 

0.9 8.343 580 48 3.613 2.949 5.29 4.05 30.6 

1.0 8.338 579 50 3.611 2.948 5.39 4.10 31.4 

 

5.6.2 Infrared spectroscopy  

The Infrared spectra of the ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites are shown in 

Fig. 5.25. The two major absorption bands observed in the frequency range of 800-350 

cm-1 are characteristics of spinel ferrites. The higher frequency absorption band (γ1) is 

caused by the stretching vibrations of the tetrahedral metal-oxygen bond and the lower 

frequency absorption band (γ2) is caused by the stretching vibrations of metal-oxygen in 

octahedral sites. The band observed between 599-609 cm-1 [Table 5.9] is due to the 

stretching of the M-Otet bond while the band due to M-Ooct bond was observed between 

427-439 cm-1 [45,46]. The difference in the band positions are expected because the 

bond lengths of Fe3+-O2- bond are not equal at the tetrahedral and octahedral sites [47]. 

Since the position of the bands shifts to higher wavenumber with increase in the bond 

strength, the tetrahedral stretching is observed at a higher wavenumber.  
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Fig. 5.25 Infrared spectra of ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 

 

The γ1 band showed a blue shift with increase in nickel concentration [Table 5.9]. The 

Ni2+ ions prefer to occupy the octahedral sites in the spinel lattice. As the nickel 

concentration increases, the Fe3+ ions move to the tetrahedral sites resulting in an 

increase in the bond strength at the tetrahedral site, this causes an increase in γ1. The γ2 

band showed a red shift to lower wave number due to the replacement of smaller Fe3+ 

ion (0.67Å) by the larger Ni2+ ion (0.69Å) at the octahedral site. This band also shows a 

shoulder which becomes a peak as the nickel content in ferrites increases. This indicates 

the presence of both Ni2+ ions and Fe3+ ions at the octahedral site [16]. 

 

Table 5.9 The M-O stretching frequencies in the tetrahedral (γ1) and octahedral (γ2) 

sites of the ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 

x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

γ1 (cm-1) 599 600 601 602 605 606 607 607 608 608 609 

γ2 (cm-1) 439 
434, 

412 

433, 

410 

432, 

411 

431, 

408 

430, 

408 

430, 

408 

430, 

407 

427, 

407 

427, 

408 

427, 

409 
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5.6.3 Raman spectroscopy  

The room temperature Raman spectra of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) ferrites 

are shown in Fig. 5.26.  

 

Fig 5.26 Raman spectra of ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites. 

 

The group theory calculations predict five Raman active optical modes namely, A1g, Eg 

and 3T2g [48]. The A1g mode was observed in the range of 693-710 cm-1. This mode 

arises due to the symmetric stretch of oxygen atoms along metal−oxygen bonds at the 

tetrahedral site [49]. This is the most prominent peak in all the ferrites which confirms 

the formation of pure spinel phase. The peak showed a shift to lower wavenumber with 

increase in the nickel concentration up to x = 0.5 and then the peak position shifts to 

higher wave number [Table 5.10]. The position of the bands in a Raman spectrum 
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depends on the force constant of the bond involved [50]; higher the force constant, 

higher the wave number at which band appears. The MgFe2O4 has a random spinel 

structure with Mg2+ ions present in both the octahedral and tetrahedral site. The 

introduction of Ni2+ ions into the octahedral site, replaces the Mg2+ ions present there. 

Once all the Mg2+ ions are replaced, further increase in nickel content will cause a shift 

in an equivalent number of Fe3+ ions into the tetrahedral site replacing the outgoing 

Mg2+ ions. The smaller size of the ferric ions will result in an increase in the Fe3+–O2- 

bond strength at the tetrahedral site. This will cause an increase in the force constant of 

the bond at the tetrahedral site resulting in a shift in the position of the band to higher 

wavenumber.  

 

Table 5.10 Different band positions in the Raman spectra of ‘sintered’ NixMg1-xFe2O4   

(x = 0.0-1.0) ferrites. 

Ni Concentration (x) 

Peak Position (cm-1) 

Eg T2g (2) T2g (3) Shoulder A1g (2) 

0.0 319 469 551 626 697 

0.1 334 481 548 656 710 

0.2 334 477 553 680 707 

0.3 330 474 550 673 701 

0.4 329 471 550 636 697 

0.5 324 470 554 629 693 

0.6 330 477 561 649 696 

0.7 330 478 563 678 697 

0.8 329 478 565 626 697 

0.9 330 479 566 645 698 

1.0 330 481 569 680 701 
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The A1g peak shows a shoulder at a lower wave number, the intensity of this shoulder 

peak generally increases as the nickel concentration increases [51]. The nickel ferrite 

possesses an inverse spinel structure, the presence of two ions, Fe3+ and the Ni2+ at the 

tetrahedral site, is responsible for the shoulder. The Eg mode which arises due to 

symmetric metal-oxygen bond bending at the octahedral site [Table 5.10] was observed 

at a lower wave number of 319-334 cm-1 [25]. The T2g(2) mode arises due to 

asymmetric Metal-oxygen stretch at the octahedral site and the T2g(3) mode is due to the 

translational motion of the cations and oxygen in MO4 tetrahedral unit [25]. The 

intensities of the modes are in the order Eg < T2g(2) < T2g(3) < A1g. The presence of 

Fe2O3 can be detected by sharp peaks at ~240 cm-1 and ~300 cm-1 [52] but in the present 

study, no such peak at 240 cm-1 is observed in the spectra and the peak observed at 300 

cm-1 is a broad peak with low intensity and it belongs to the Eg mode of the ferrites. 

This further confirms the single phase nature of the ferrite series.  

 

5.6.4 X-ray photoelectron spectroscopy  

The full scan spectra of the sintered ferrite series at room temperature is shown in Fig. 

5.27. It can be seen from the figure that Mg, Ni, Fe and O are all present in the samples 

with no other impurity detected in the spectra upto a binding energy of 1100 eV except 

C, which may have got deposited on the surface during the sample preparation. This 

confirms the purity of the samples prepared. The valence state of iron, cobalt and nickel 

decides the overall magnetic and dielectric properties of the ferrites and so the 

knowledge of the oxidation states of these elements was important.  This was done by 

analysing the ferrite samples by XPS technique. The high resolution scans of Ni, Co, Fe 

and O of a representative ferrite sample, Ni0.5Mg0.5Fe2O4 are shown in figure 5.28. The 

binding energy values of Ni, Mg, Fe and O in ‘sintered’ NixMg1-xFe2O4 (x = 0.0, 0.2, 

0.4, 0.5, 0.7, 0.9) ferrites are presented in Table 5.11. 

The Fe 2p3/2 core electron spectrum reveals two asymmetric peaks due to Fe in two 

different lattice sites [Table 5.11]. The peaks with B.E of 710.3 eV is due to Fe3+ in the 

tetrahedral sites while the peak at 713.9 eV can be attributed to Fe3+ (Fig. 5.28) at the 

octahedral sites [53]. A satellite peak with B.E ~8 eV higher than the main peak was 

also observed in all the ferrite samples. The occurrence of satellite peak confirms Fe is 

in +3 oxidation state and also confirms the high spin nature of Fe3+. The peak due to 



271 
 

metallic iron is not seen [26]. The Fe 2p1/2 peak observed at ~724 eV can also be 

assigned to Fe3+ ionic state [54, 55].   

 

Fig. 5.27 Full scan XPS spectra of ‘sintered’ NixMg1-xFe2O4 (x = 0.0, 0.2, 0.4, 0.5, 0.7, 

0.9) ferrites. 

 

Fig. 5.28 XPS spectra of ‘sintered’ Ni0.5Mg0.5Fe2O4 ferrite. 
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Table 5.11 The binding energy values of Ni, Mg, Fe and O in ‘sintered’ NixMg1-xFe2O4  

(x = 0.0,0.2,0.4,0.5,0.7,0.9) ferrites. 

   

The core level Ni scan can be fitted with two peaks [Table 5.11]. The 2p3/2 peak is seen 

at a B.E of ~855.3 eV along with a satellite peak at ~862 eV and 2p1/2 peak at a B.E of 

~873 eV. Both these peaks are observed in the ferrite samples along with the associated 

satellite peak. No shoulder is detected in the peaks which rules out that any of the Ni2+ 

has been oxidized to Ni3+ during the synthesis [56-58]. The Mg 2s peak is observed at 

the binding energy of ~93 eV and corresponds to the Mg2+ ionic state. The broadening 

of the peak in the Mg 2s spectra can be attributed to Mg2+ ions at the octahedral site 

[59,60]. 

The core level spectrum of oxygen 1S in the ferrites shows a peaks at 529.2 eV and 

531.2eV [Table 5.11]. The peak of higher binding energy is attributed to the presence of 

O2- ions and the lower binding energy peak is due to the chemisorbed hydroxyl groups 

(or water) on the surface [61]. Similar results were obtained for the other sintered 

ferrites [Table 5.11].  

Element Peak 0.0 0.2 0.4 0.5 0.7 0.9 

Mg 2s 93 93.4 92.9 93.1 93.4 93.1 

Ni 

2p3/2 -- 855.5 855.3 855.3 855.2 855.2 

Satellite -- 861.5 861.4 861.8 862.2 861.5 

2p3/2 -- 873.5 872.9 871.2 873.6 872.8 

Fe 

2p3/2 710.3 710.5 710.5 710.3 710.7 710.2 

2p3/2 -- 713.5 713.6 713.9 713.8 713.7 

Satellite 718 718.1 717.4 718 718.1 718 

2p1/2 730 724.8 724.8 724.2 723.5 724.4 

O 1s 
529.1, 

531.1 

529.3, 

531.1 

529.1, 

531.1 

529.2, 

531.2 

529.6, 

531.4 

529.3, 

531.9 
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5.6.5 SEM micrographs  

The SEM micrographs of the ‘sintered’ NixMg1-xFe2O4 (x = 0.0–1.0) ferrite series are 

shown in Fig. 5.29. The micrographs show well crystallized particles with slight 

agglomeration. There is a distribution of different size particles from large (~0.7μm) to 

as small as 70nm. With increase in the nickel concentration the fraction of particle 

having a larger size becomes smaller. In other words, the distribution of particle size 

decreases with increase in nickel concentration. 

 

Fig. 5.29 Scanning electron micrographs of sintered a) MgFe2O4 b) Ni0.1Mg0.9Fe2O4                    

c) Ni0.2Mg0.8Fe2O4 d) Ni0.3Mg0.7Fe2O4 e) Ni0.4Mg0.6Fe2O4 f) Ni0.5Mg0.5Fe2O4                  

g) Ni0.6Mg0.4Fe2O4 h) Ni0.7Mg0.3Fe2O4 i) Ni0.8Mg0.2Fe2O4 j) Ni0.9Mg0.1Fe2O4 and                

k) NiFe2O4. 

a b c 

d e f 

g h i 

j k 
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5.7 Solid state studies of ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) 

ferrites 

After characterizing the sintered ferrites, the solid state properties of the same were 

studied. The variation of these properties with nickel concentration is explained in the 

following section.  

 

5.7.1 Magnetic properties  

The M-H curves of the ferrite series, recorded up to a maximum field strength of 3T (30 

KOe) are shown in figure 5.30. The curves show typical hysteresis behavior at room 

temperature with very small width of the loop due to the low magneto-crystalline 

anisotropy of the sintered ferrite. As a result, a lower magnetic field is required to 

reverse the magnetization of the sintered ferrites which lowers the coercivity. The 

exchange interaction between the ions at the octahedral and tetrahedral sites mediated 

by the oxygen atoms dictate the magnetic properties of the ferrites. The moments in 

octahedral sites are coupled antiferromagnetically to moments on the tetrahedral sites 

(Moct–Mtet). Within tetrahedral and octahedral sites, the moments are ferromagnetically 

aligned [62,63]. The Mg2+ ions can occupy both the tetrahedral as well as the octahedral 

sites [12] while Ni2+ ions prefer the octahedral sites [64]. As Ni2+ ions are introduced in 

the ferrite, they will occupy the octahedral sites, replacing the Mg2+ ions there. This 

results in an increase in saturation magnetization (Ms) due to the higher magnetic 

moment of the Ni2+ ions. With further increase in the nickel concentration, once all the 

Mg2+ ions at the octahedral site have been replaced, Fe3+ ions from the octahedral sites 

will move to the tetrahedral site taking the place of the departing Mg2+ ions. The 

movement of Fe3+ ions into the tetrahedral sites increases the magnetic moments on the 

A-sites (Mtet), while the magnetic moment on the B-site decreases due to the smaller 

magnetic moment of Ni2+ ions as compared to Fe3+ ions, this will result in a decrease in 

saturation magnetization as the nickel concentration is increased.  

Alternately, when the concentration of magnesium is high (≥ 0.5), the high 

concentration of non-magnetic ions on the A site causes the B sub-lattice to split into 

two, B1 and B2. It is known that a high concentration of nonmagnetic ions on one site 

can cause spin canting on the other site [65]. This causes the split in the B sub-lattice. 
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The magnetic moments on the B-sites are no longer coupled ferromagnetically but are 

canted at an angle to each other called the Yafet-Kittle angle. This could be an alternate 

explanation for the observed trend in saturation magnetization (Fig. 5.31).  

Fig 5.30 The magnetic hysteresis loops of ‘sintered’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites 

at room temperature. 

 

Fig 5.31 Variation of saturation magnetization and anisotropy constant of ‘sintered’ 

NixMg1-xFe2O4 (x=0.0-1.0) ferrites at room temperature. 
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The anisotropy constant also follows the same trend as that of saturation magnetization 

[Table 5.12]. The Coercivity (Hc) values measured at room temperature increases with 

increase in nickel concentration up to x = 0.6 and then they decrease with further 

increase in nickel concentration [Table 5.12].  

 

Table 5.12 Magnetization data as a function of nickel concentration at 310 K and at   

50K of ‘sintered’ NixMg1-xFe2O4 (x= 0.0-1.0) ferrites.  

 Room Temperature 50 K 

x 
Ms  

(emu/g) 

Hc 

(Oe) 

Mr   

(emu/g) 

Mr/

Ms 

K *103 

(erg/cm3) 

μB   

(B.M) 

Ms     

(emu/g) 

Hc 

(Oe) 

Mr  

(emu/g) 

0.0 28.5 52 5.3 0.18 1.50 0.97 34.5 94 7.95 

0.1 29.1 57 4.8 0.16 1.68 0.94 38.5 98 8.46 

0.2 30.3 58 5.1 0.17 1.78 0.89 38.6 97 11.3 

0.3 31.4 60 6.0 0.19 1.91 0.84 39.5 98 8.95 

0.4 33.9 63 4.1 0.11 2.17 0.76 39.9 109 5.89 

0.5 38.0 70 7.6 0.19 2.70 0.67 44.1 100 10.8 

0.6 46.8 70 2.8 0.05 3.32 0.54 51.5 92 3.16 

0.7 41.3 65 4.5 010 2.72 0.59 46.1 89 7.17 

0.8 40.4 61 5.3 0.13 2.50 0.60 45.8 89 5.39 

0.9 39.5 54 5.9 0.15 2.17 0.61 44.4 65 7.18 

1.0 34.8 52 4.8 0.13 1.84 0.68 38.9 65 5.10 

 

The cations in the cubic spinel structure in the octahedral sites are in the high spin state 

due to the weak ligand field. The Fe3+ cations in the high spin state (𝑡2𝑔
3 𝑒𝑔

2) have their 

orbital angular momentum quenched. The Ni2+(𝑡2𝑔
6 𝑒𝑔

2) will have an orbital contribution 

resulting in L-S coupling [65] while Mg2+(no unpaired electrons) will not have an 

orbital angular momentum. As nickel replaces magnesium, the L-S coupling will 

increase at the octahedral site which increases the anisotropy in the ferrite sample as can 
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be seen by increase in coercivity. The decrease in coercivity for x ≥ 0.7 could be due to 

the decrease in the magnetic interactions at the octahedral sites due to the decrease in 

Fe3+ions at the octahedral site. The squareness ratio (R = Mr/Ms) varies from 0 to 1. The 

R values at room temperature are below 0.5 [Table 5.12] which indicates that the 

sintered ferrite particles have strong magnetostatic interactions. The hysteresis loops at 

50 K (Fig. 5.32) show a slightly higher value of saturation magnetization as compared 

to that at 310 K [Table 5.12].  

The lower thermal energy at low temperature causes an alignment of magnetic spins in 

the direction of external magnetic field resulting in an increase in saturation 

magnetization [66]. The low temperature hysteresis loop shows a shift in coercivity 

towards higher fields [Table 5.12]. The ZFC and FC magnetization curves were 

recorded and shown in Figure 5.33.  

 

 

Fig 5.32 The magnetic hysteresis loops of ‘sintered’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites 

at 50K. 
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The variation of the magnetic moment with temperature of the ‘sintered’ NixMg1-xFe2O4 

(x= 0.0–1.0) ferrites was performed in the temperature range of 50-400K to study the 

effect of structural features on the magnetic properties.  The ZFC curve increases with 

increase in temperature, reaches a maximum value at below 350 K. Above this 

temperature, the ZFC curve decreases with further increase in temperature, typical of a 

paramagnetic behavior. The maxima in the ZFC curve corresponds to the blocking 

temperature. 

The maximum in the ZFC curve at the blocking temperature can be thought of as the 

result of two effects. As the temperature is increased, the individual nanocrystals have 

sufficient thermal energy to adopt the alignment of the external field (H) which causes 

the increase in the ZFC curve. The other effect is that with increase in temperature the 

nanocrystals have sufficient energy to overcome the applied field leading to decrease in 

the magnetization [67]. At 50 K, when the magnetic field is switched on, the moments 

of the individual nanocrystals will align along the easy axis having minimum potential 

energy [52]. The sample as a whole will have a wide distribution of easy axis oriented 

randomly resulting in a low value of magnetization at 50 K. When the external magnetic 

field is switched on the individual magnetic moments will try to align with the field. 

The thermal energy at this low temperature is not enough for the magnetic spins to 

overcome the anisotropic energy (KV) and align with the magnetic field. As the 

temperature increases the thermal energy can overcome this anisotropic energy and 

align with the field resulting in an increase in the ZFC curve below the blocking 

temperature. Above TB, in the unblocked region there is a monotonic decrease in 

magnetization with increase in temperature.  

In the field cooled (FC) measurements, as the sample is cooled in external field the 

magnetic moments align with the field and remain in this configuration as the 

temperature is decreased. This gives a high value of magnetization at 50K in the FC 

curve. The FC magnetization decreases as the temperature is increased as the thermal 

fluctuations will cause the magnetic spins to deviate from this alignment. These curves 

are typical for a system of non-interacting single domain particles. The broad peak in 

the ZFC curve indicates a wide distribution of particle sizes. The ZFC and FC curves do 

not superimpose over the temperature range at an applied field of 250 Oe, which 

indicates that a significant fraction of nanoparticles are still in the magnetically blocked 

state even at 400 K [68]. 
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Fig. 5.33 MT curve of ‘sintered’ NixMg1-xFe2O4 (x= 0.0-1.0) ferrites. 
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5.7.2 AC susceptibility  

The normalized AC susceptibility of the ‘sintered’ NixMg1-xFe2O4 (x= 0.0-1.0) ferrites 

are shown in Figure 5.34.  All the curves show a similar trend with increase in 

temperature. The normalized susceptibility (χT/χRT) increases slowly with increase in 

temperature, reaches a maximum at the blocking temperature exhibiting peaking 

behavior and then drops to zero at the Curie temperature [69]. The broad maximum in 

the curves indicates an inhomogeneous distribution of particle size as can be seen from 

the SEM images. The nature of the curves indicates single domain type behavior [70, 

71]. The peaking behavior can be attributed to Hopkinson peaks observed in single 

domain particles. The ferrites exhibit normal ferromagnetic order becoming 

paramagnetic at sufficiently high temperatures. The temperature at which the transition 

from ferrimagnetic to paramagnetic takes place is called as the Curie temperature. At 

this temperature the permeability as well as coercivity drops to zero. As can be seen 

from the curve the Curie temperature increases with increase in nickel concentration in 

the sample (Fig. 5.35, Table 5.13). The MgFe2O4 becomes paramagnetic at 631K and 

with doping of nickel into the lattice of cobalt ferrite, this temperature shifts to higher 

values giving a Curie temperature of 843K for NiFe2O4 ferrite [72].  

 

Fig. 5.34 Plot of normalized susceptibility v/s temperature of ‘sintered’ NixMg1-xFe2O4 

(x= 0.0-1.0) ferrites. 
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Fig. 5.35 Variation of Curie temperature with nickel concentration of ‘sintered’          

NixMg1-xFe2O4 (0.0-1.0) ferrites obtained from AC susceptibility and Initial 

permeability studies. 

 

Table 5.13 Curie temperatures of ‘sintered’ NixMg1-xFe2O4 (0.0-1.0) ferrites obtained 

from AC susceptibility (A.C.) and Initial (I.P.) permeability measurements. 

Ni conc. (x) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tc (K)A.C 631 663 678 716 727 747 764 790 811 828 843 

Tc (K)I.P 632 666 677 713 733 751 762 788 799 833 850 

 

The magnetic interactions depend on the ions occupying the tetrahedral and octahedral 

sites. As Ni2+ ions prefer to occupy octahedral sites which results in pushing of Fe3+ 

ions from the octahedral to the tetrahedral site where they replace the Mg2+ ions present 

at the tetrahedral sites. Now, the magnetic moment of Ni2+ and Fe3+ are 3μB and 5μB, 

respectively, while that of Mg2+, it is zero due to absence of unpaired electron. Nickel 

being more magnetic than magnesium, it results in an increase in the magnetic 

interaction between the ions at the tetrahedral and octahedral sites [73]. This explains 

the increase in Curie temperature with increase in nickel concentration. 
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5.7.3 Dielectric properties  

5.7.3.a Variation of dielectric properties as a function of frequency 

The frequency dependence of dielectric constant of the ‘sintered’ NixMg1-xFe2O4 (x= 

0.0-1.0) ferrites in an AC field of 20Hz to 10MHz is shown in figure 5.36. All the 

ferrites show normal dielectric behavior in which the dielectric constant decreases with 

increase in frequency. The decrease in dielectric constant is sharp with initial increase in 

frequency up to 1 KHz, slows down at higher frequencies between 1 KHz and 1 MHz 

and finally shows frequency independent behavior above frequencies of 1 MHz. This 

behavior can be explained by using Koop’s phenomenological theory along with 

Maxwell-Wagner’s interfacial theory [74]. According to these theories, polycrystalline 

ferrites consist of grains that are separated from each other by grain boundaries. The 

grains are conducting whereas the boundaries are insulating.  Thus ferrites can be 

thought of as comprising of two layers, larger well conducting grains and smaller highly 

resistive grain boundaries that separate the grains from each other. The charge carriers 

(electrons or holes) move within the grains in the octahedral sites by hoping between 

the same ions in different valence states. Hopping of electrons between Fe2+ - Fe3+ 

results in n-type charge carriers whereas hole hopping between Ni2+/ Ni3+ ions that are 

present at the octahedral site, can result in p-type charge carriers. The charge carriers 

move within the grain by hopping and when they reach the grain boundaries, due to 

their resistive nature, the charge carriers cannot pass. This will cause the charges to 

build up at the grain boundaries which will result in interfacial polarization and explains 

the high dielectric constant at low temperatures [75]. Both electrons and holes can move 

and contribute to the polarization but the mobility of electrons being higher than the 

holes they reach the grain boundary first. As the external frequency is increased the 

electron reverse their direction and they do not follow the external field this reduces the 

number of charge carriers reaching the grain boundaries, which will decrease the 

polarization and consequently the dielectric constant. The grains play a dominant role at 

high frequencies while the grain boundaries are more important at lower frequencies.  

Dielectric loss represents the energy dissipated or lost in dielectric materials. The 

frequency variation of dielectric loss (tan δ) is shown in figure 5.37. The curves show a 

similar behavior as expected for ferrites ie. decrease in tan δ with increase in frequency. 

This indicates that at low frequency there is a greater dielectric loss. At low frequencies 

the grain boundaries are more dominant and being resistive they cause scattering of the 
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electrons. As a result, a larger amount of energy is required for the electron exchange 

process which results in a greater loss. At higher frequencies the grains become more 

prominent and they being conducting, the electrons do not face any obstacle during 

exchange between Fe2+/Fe3+ at the octahedral site. Hence there is a decrease in the loss 

with increase in frequency [76].  

 

Fig. 5.36 Frequency variation of dielectric constant of ‘sintered’ NixMg1-xFe2O4         

(x= 0.0-1.0) ferrites. 

 

Fig. 5.37 Frequency variation of loss tangent of ‘sintered’ NixMg1-xFe2O4 (x= 0.0 -1.0) 

ferrites. 
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5.7.3.b Variation of dielectric properties as a function of temperature 

The variation of dielectric constant as a function of temperature at five different 

frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz are shown in figure 5.38. At 

all the frequencies in the present study, the dielectric constant increases with increase in 

temperature. This is due to increase in the thermal energy which increases, the charge 

carrier mobility and the rate of their hopping. In the region where the plots remain 

constant, the thermal energy is not sufficient to enhance the hopping rate of the charge 

carriers. The increase in dielectric constant is much higher at lower frequencies as 

compared to the increase at higher frequencies. The dielectric constant arises from the 

contribution of four types of polarization, interfacial, ionic, dipolar and electronic 

polarization [77]. The dipolar and interfacial polarization are strongly temperature 

dependent and increase with increase in temperature and are more active at lower 

frequencies whereas ionic and electronic polarization that are relatively independent of 

temperature play a more important role at higher frequencies. This accounts for the 

increase in dielectric constant at lower frequencies as compared to higher frequencies. 

The rapid increase of dielectric constant with temperature begins at a higher temperature 

for MgFe2O4 and shifts towards lower temperature as the nickel concentration increases. 

The dielectric loss (loss tangent) variation as a function of temperature was also studied 

and the representative plots of the same is presented in Fig. 5.39. This represents the lag 

in polarization with the applied AC field. At low frequencies, the loss shows an increase 

up to a certain temperature and then decreases.  

The maxima point in the curve corresponds to the frequency at which the applied field 

match the electron hopping frequency [39, 78]. At low frequencies the grain boundaries 

are more important. The high resistivity of the grain boundaries means more energy is 

lost during electron hopping between ions. In the high frequency regions, the grains 

play a more dominant role and the energy losses are less. This explains the low values 

of dielectric loss at high frequencies. The dielectric loss showed relaxation peaks that 

shift to lower temperature as the nickel concentration increased and to higher 

temperature with increase in frequency. 
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Fig. 5.38 Dielectric constant as a function of temperature of ‘sintered’ NixMg1-xFe2O4 (x 

= 0.0-1.0) ferrites at different frequencies. 

 

5.7.3.c Variation of dielectric constant as a function of nickel concentration 

At room temperature the variation of dielectric constant with composition in the 

‘sintered’ NixMg1-xFe2O4 (x= 0.0-1.0) ferrites, can be seen from figure 5.36 indicates 

that the dielectric constant increases with increase in nickel concentration up to x = 0.6 

and then it decreases with further increase in nickel concentration. As nickel ions are  
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Fig 5.39 Loss tangent as a function of temperature of ‘sintered’ NixMg1-xFe2O4 (x = 0.0-

0.5) ferrites at different frequencies. 
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incorporated into the spinel lattice at the octahedral sites, it replaces the magnesium ions 

there. This results in an increase in the p-type charge carriers due to hopping of 

electrons between Ni2+ and Ni3+ ions. When x ≥ 0.7, the nickel ions displace some of 

the Fe3+ ions from the octahedral sites to the tetrahedral sites. This reduces the negative 

charge carriers (electrons) at the octahedral site and this decreases the polarization due 

to lesser electrons, which in turn decreases the dielectric constant. At higher 

temperatures, the variation of dielectric constant with nickel concentration changes. 

Here the dielectric constant increases continuously with increase in nickel 

concentration. Also, as the Ni2+ content increases, the hopping distance between the 

ions at the octahedral site gets reduced [Table 5.8] which can enhance the hopping rate 

[79]. The high temperature provides the thermal energy required for hopping of 

electrons, lesser the hopping distance greater will be the probability of hopping. This is 

the reason why, the dielectric constant increases with increase in nickel concentration at 

high temperature. 

 

5.7.4 Initial permeability  

The variation of initial permeability (μi) with frequency of the ‘sintered’ NixMg1-xFe2O4 

(x=0.0-1.0) ferrites at room temperature is shown in Figure 5.40. The initial 

permeability depends on two factors, spin rotation and domain wall movement [80]. 

The domain wall movement is more important at lower frequencies while at higher 

frequencies the spin rotation predominates. The initial increase in permeability at low 

frequencies up to 100 Hz is due to unpinning of the domain walls in presence of weak 

AC magnetic field. The initial permeability was frequency independent in the range of 

100 Hz till 3 MHz. This is indicative of the compositional stability and homogeneity of 

the ferrites. This frequency independent region is called the zone of utility. The small 

increase in the permeability at high frequencies is due to the onset of resonance where 

the applied AC field frequency matches the frequency of the electron spins [81]. The 

frequency at which this onset occur, shifts to lower frequencies as the nickel 

concentration in the ferrite samples increases.  

The compositional variation of initial permeability shows that with increases in nickel 

concentration, the permeability progressively increased. The initial permeability [82] is 
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related to saturation magnetization (Ms), average crystallite size (D) and anisotropy 

constant (K) by the relation 

𝜇𝑖 =
𝑀𝑠. 𝐷

√𝐾𝑖
 

The composition variation indicates all the three factors are responsible for the increase 

in μi values. The temperature dependence of μi is shown in Fig. 5.41. It can be seen that 

the initial permeability increases with increase in temperature for all the samples and 

drops suddenly at the Curie temperature (TC).  This corresponds to the temperature at 

which the ferrites change from ferromagnetic to paramagnetic. As the temperature 

increases the thermal energy is so high that it destroys the parallel alignment of the 

spins along a given axis. The sharp fall in the curves also confirms the formation of 

single phase as was concluded from the XRD analysis [83]. The Curie points can be 

obtained by drawing a tangent at the point of decrease and the intersection of this 

tangent with the temperature axis. The TC value increases as the nickel concentration 

increases (Table 5.13, Fig. 5.41).  

  

Fig. 5.40 Variation of initial permeability with frequency of ‘sintered’ NixMg1-xFe2O4                    

(x = 0.0-1.0) ferrites. 

 

As nickel is introduced in the samples, Fe3+ ions move from the tetrahedral (A-sites) to 

the octahedral (B-sites) replacing the Mg2+ ions there. This intensifies the A-B 

interaction as Fe3+ ions which are magnetic are replacing non-magnetic Mg2+ ions. The 
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lattice parameter [Table 5.8] also decreases with increase in nickel concentration which 

means that the ions on the A-site and the B-site are in closer proximity to each other 

which increasing the exchange interactions.  

 

Fig. 5.41 Variation of initial permeability with temperature of ‘sintered’ NixMg1-xFe2O4 

(x = 0.0-1.0) ferrites. 

 

5.7.5 Electrical resistivity  

The DC resistivity is performed to determine the conduction mechanism that is 

operational in the ferrites. The resistivity plots of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) 

ferrites are shown in Fig. 5.42. The temperature variation of resistivity, as can be seen 

from the figure, shows a decrease in resistivity or an increase in conductivity as the 

temperature is increased, indicating the semiconducting nature of the ferrites. The 

graphs follow the Arrhenius equation with linear decrease in the logarithm of the 

conductance with the inverse of temperature [84]. The curves show a break where the 

slope of the line changes indicating a change in conduction mechanism. There are two 

such breaks indicating three conduction regions. The first region at lower temperatures 

is due to impurity and absorbed species on the surface. The second region is due to the 

hopping of electron in an ordered ferromagnetic structure. The third region is a 
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disordered random spin paramagnetic structure. The change from the second to the third 

region takes place at a temperature called the Curie temperature [85]. According to 

Verwey model, the conduction mechanism is due to the hopping of electrons between 

the ions of the same element in different oxidation states or due to the hopping of holes. 

In the second region, the ordered arrangement allows the electron to hop more easily 

and so requires lower activation energy. In the paramagnetic region, due to the random 

orientation of the spins a larger energy is require to move the electron from one ion to 

the next this process requires a larger activation energy [86]. This causes a change in the 

slope of the line at the Curie point. The Table 5.14 presents the activation energies from 

the DC resistivity plots of ‘sintered’ NixMg1-xFe2O4 (x=0.0 - 0.1) ferrites in the ferro 

and para region. From Fig. 5.42 the variation of resistance with nickel incorporation in 

ferrites indicate an increase in resistance as the nickel concentration is increased. The 

conduction in the sintered ferrites is due to hole transfer from Ni3+ and Ni2+ ions and 

hopping of electrons between Fe2+ to Fe3+ ions.  The probability of electron hopping is 

far greater than the hole transfer. With increase in nickel concentration in ferrites 

decreases the number of Fe3+ ions at the octahedral sites. This reduces the probability of 

electron hopping at this site, as the number of charge carriers gets reduced.  

 

Fig. 5.42 Plot of log of resistivity vs 1000/T of ‘sintered’ NixMg1-xFe2O4 (x =0.0-1.0) 

ferrites. 
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Table 5.14 Activation energies from the DC resistivity plots of ‘sintered’                

NixMg1-xFe2O4 (x=0.0 – 1.0) ferrites. 

Ni concentration 

(x) 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Ep(eV) 0.38 0.29 0.24 0.22 0.24 0.26 0.22 0.21 0.19 0.18 0.21 

Ef (eV) 0.22 0.20 0.12 0.20 0.19 0.17 0.20 0.20 0.16 0.17 0.19 

ΔE (eV) 0.16 0.09 0.12 0.08 0.05 0.09 0.02 0.01 0.03 0.01 0.02 
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5.8 Gas sensing study 

The gas sensing properties of the ‘as-prepared’ nickel doped magnesium ferrites were 

investigated towards oxidizing gases like Cl2, NO2 and reducing gases like H2S, NH3 

and LPG at various operating temperature. It is known that a sensor will show a change 

in resistance due to the reaction between the gas and the surface of the ferrite film 

which can be regarded as sensing activity of the gas by the sensor [87]. The response of 

the ‘as prepared’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites were all tested toward the 

different gases. The composition Ni0.5Mg0.5Fe2O4 was chosen to determine the optimum 

temperature for caring out the gas sensing. The response of the thick film sensor 

prepared from Ni0.5Mg0.5Fe2O4 ferrite towards 100 ppm of the various test gases was 

determined at different temperatures ie. from room temperature to 250oC. It was 

observed (Fig. 5.43) that the maximum response was obtained at room temperature for 

all the gases which gradually decreased as the temperature was increased. On 

comparing the sensing response to the various gases, it was observed that the maximum 

response was shown towards NO2 gas with a much lesser response towards chlorine. 

The remaining gases showed negligible response.  

The ability of a sensor to undergo a change in resistance to one gas among the several 

gases is called its selectivity [88]. It could be concluded that the sensor of 

Ni0.5Mg0.5Fe2O4 gave selective response towards NO2 gas only. 

  

Fig. 5.43 Temperature dependent gas sensing responses by Ni0.5Mg0.5Fe2O4 thick film. 
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5.8.1 Gas sensing of NixMg1-xFe2O4 (x = 0.0-1.0) ferrites 

Based on the optimization study, it was observed that the ferrites show a response 

towards chlorine and nitrogen dioxide gas; the response shown towards NO2 gas is the 

greater among two. The maximum response was shown at room temperature and hence 

the sensing activity of the ferrite series was determined at this temperature. The 

response at room temperature of the NixMg1-xFe2O4 (x = 0.0-1.0) ferrite series is shown 

in Fig. 5.44. It can be seen that there is no trend in the response with respect to nickel 

substitution, but the ferrites with higher magnesium content gave a larger response as 

compared to the nickel rich samples. The ferrite Ni0.5Mg0.5Fe2O4 showed the maximum 

response and hence further studies were done on this composition. 

 

Fig. 5.44 Response of NixMg1-xFe2O4 (x = 0.0-1.0) ferrites towards NO2 gas at room 

temperature. 

 

Response time is the time in which sensor reaches to its 90% of the maximum resistance 

of the film when exposed to the NO2 gas and recovery time is the time required by the 

sensor to come back approximately to its initial stage [89]. The response and recovery 

time of the Ni0.5Mg0.5Fe2O4 ferrite was found to be 20 sec and 150 sec, respectively 

(Fig. 5.45). 
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A dynamic response of the sensor as a function of NO2 concentration in air at room 

temperature was measured. The response was measured by varying the NO2 

concentration from 30 ppm to 500 ppm. The correlation curve between the 

concentration of NO2 and the response of the gas sensor is depicted in Fig. 5.46 which 

shows that, with increasing NO2 gas concentration, the response of Ni0.5Mg0.5Fe2O4 

thick film increases rapidly for 50 ppm and reaches saturation beyond 350 ppm. 

 

Fig. 5.45 Response and recovery of Ni0.5Mg0.5Fe2O4 towards 100 ppm of NO2 gas at 

room temperature. The inset shows the change in the resistance of the sensor on 

exposure to NO2 gas. 

 

Fig. 5.46 Dynamic response of Ni0.5Mg0.5Fe2O4 thick film towards different 

concentrations of NO2 at room temperature. 
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5.8.2 Mechanism of gas sensing 

Gas sensing is a surface related phenomena. The adsorption/desorption of the different 

gas molecules on the surface of the sensor coupled with the interactions of these gas 

molecules with the surface of the sensor, causes a change in the resistance of the sensor 

[90]. The sensor on exposure to air can adsorb oxygen on to its surface, which gets 

ionized to the chemisorbed species such as O2
-, O- and O2- by capturing electrons from 

the conduction band. Among these species, O2
- is the most reactive species at lower 

temperatures [91]. Since the sensing was done at room temperature, the reaction involed 

in this process may be explained as follows, 

O2 (g)   ↔    O2 (ad) 

O2 (ad)   +   e-    ↔   O2
-  (ad) 

 

The NO2 gas on coming in contact with the sensor interacts with the O2
- species 

releasing electrons back into the conduction band decreasing the resistance of the 

sensor. The reaction proceeds as follows [92], 

NO2(g)   +   2O2
-  (ad)   ↔   NO2

-(ad)   +   O2   +   e-    

 
 

The reduction in the resistance of the thick films on exposure to NO2 gas indicates n-

type of conduction in the ferrites. The release of electron increased the amount of 

charge carriers thereby decreasing the resistance [93]. The sensing property decreased 

with increase in temperature, as at low temperatures the rate of chemical reaction is 

slow while at high temperatures diffusion of the gas is higher thus lowering the 

response. The sensing is maximum, when the two processes are in equilibrium with 

each other and maximum response is observed. 
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5.9 Summary 

The ferrite series with nickel doped in magnesium ferrites having composition NixMg1-

xFe2O4 (x=0.0-1.0) was successfully synthesized by combustion method using hexamine 

as fuel. The effect of oxidizer to fuel ratio (O/F) on the properties of the ferrite was first 

studied. The ferrite Ni0.5Mg0.5Fe2O4 as the representative sample, was synthesized with 

different oxidizer to fuel ratios namely, fuel deficient, stoichiometric and fuel excess. 

The X-ray diffractogram revealed that pure spinel ferrite phase was obtained when fuel 

deficient ratios and stoichiometric ratio were used to synthesize the Ni0.5Mg0.5Fe2O4 

ferrite. When the ferrite was synthesized with fuel excess ratios, trace impurity of        

α-Fe2O3 was detected in the diffractogram. The lattice parameter of the synthesized 

ferrites also varied with the O/F ratio; the ferrites synthesized with fuel excess ratios 

gave a larger lattice parameter as compared to those synthesized with fuel deficient 

ratios. The crystallite size increased as the fuel ratio was increased. The O/F ratio 

studies on Ni0.5Mg0.5Fe2O4 revealed that the properties of the ferrite can be tuned by 

changing the oxidizer to fuel ratio. The saturation magnetization and coercivity 

increased as the fuel ratio increased, this could be due to the different distribution of 

cations in the different lattice sites for the different fuel ratios. The dielectric studies 

showed a normal dispersion with frequency for the ferrites prepared with all the fuel 

ratios. 

The ‘as-prepared’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites were synthesized using the 

oxidizer to fuel ratio of 1:0.17. The powder X-ray diffraction showed the characteristic 

peaks of cubic spinel phase with the lattice parameter decreasing with increase in nickel 

concentration. The single phase spinel ferrite was obtained for all the samples except 

MgFe2O4 and Ni0.1Mg0.9Fe2O4 which showed trace amounts of α-Fe2O3 impurity. The 

unit cell volume, hopping lengths at the tetrahedral and octahedral site and X-ray 

density all decreased with increased in nickel content due to the smaller ionic size of 

nickel ion as compared to that of magnesium ion. The Infrared analysis showed two 

bands in the region 375-800 cm-1 assigned to metal oxygen tetrahedral and octahedral 

vibrations in spinel ferrites. The TEM images confirm the nanosize nature of the ferrites 

with some of the samples having a rod like morphology. The ED pattern gave bright 

concentric rings which indicate that the ferrite particles are having good crystallinity.  
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The saturation magnetization of the ‘as-prepared’ ferrites increased with increase in 

nickel concentration up to x = 0.7 and then decreased as the nickel content was 

increased further. The coercivity did not show a regular trend with increase in nickel 

concentration, but the low value of coercivity points to the superparamagnetic nature of 

the ferrites at room temperature. The non-saturated behavior of the hysteresis loops at 

50 K and at room temperature point to the presence of a core shell structure in the ‘as-

prepared’ NixMg1-xFe2O4 (x=0.0-1.0) ferrites. The reduced remnant magnetization 

values, being less than 0.5 indicates the presence of uniaxial anisotropy rather than 

cubic anisotropy in the ferrites. The variation of saturation magnetization and coercivity 

with nickel concentration at 50 K follows the same trend as that at room temperature. 

The trend of the MZFC curves showed a maximum at the blocking temperature while the 

MFC curves decreased continuously with increase in temperature. The blocking 

temperature was observed at higher temperatures as the nickel concentration increase 

dand at lower temperatures with increase in the applied external field. The susceptibility 

curves also indicated a change from superparamagnetic behavior to a single domain 

type of behavior as the nickel concentration increases. The Curie temperature shifts to 

higher temperature with increase in nickel concentration. 

The dielectric constant and loss tangent decreased as the frequency of the applied 

electric field increased and increased with increase in temperature. The increase in the 

dielectric constant with temperature is much larger at lower frequencies as compared to 

higher frequencies. The resistivity plots indicate a semiconductor behavior for all the 

ferrites with decrease in resistivity as the temperature is increased. 

The ‘sintered’ NixMg1-xFe2O4 (x = 0.0-1.0) ferrites were obtained in single cubic spinel 

phase with no trace of any impurity peaks. The lattice parameter, unit cell volume, 

tetrahedral and octahedral hopping lengths decreased with increase in nickel 

concentration while the X-ray density, bulk density and porosity showed an increase as 

the nickel concentration in the ferrites was increased. The Infrared spectra of the ferrites 

revealed the presence of two peaks in the region of 350-600 cm-1. Two bands are due to 

stretching of the metal oxygen bond at the tetrahedral and octahedral site. The M-Otet 

bands gave a blue shift to higher wavenumber while there was a red shift in the M-Ooct 

band as the nickel content increased. The Raman spectra of the sintered ferrites showed 

four peaks Eg, T2g(2), T2g(3) and A1g. No other peaks were observed in the spectrum. 

This confirmed the cubic spinel phase of the ferrite series.  



298 
 

The room temperature magnetic studies showed that the saturation magnetization 

increases with increase in nickel concentration up to x=0.6 and then the value starts to 

decrease. This was explained on the base of cation distribution at the different lattice 

sites. The coercivity also followed the same trend as saturation magnetization as the 

nickel content increased. This can also be seen in the trend of the MT curves, where the 

difference between the ZFC and FC curves increases with increase in nickel 

concentration. The trend in the MT curves indicates a superparamagnetic type of 

behavior in all the ferrites. The blocking temperature increases with increase in nickel 

content and decreases for the same composition with increase in the applied field. The 

low temperature saturation magnetization is higher than the room temperature values 

while the coercivity shows a small increase at 50 K.  

The AC susceptibility measurement revealed that the temperature of transition from 

ferromagnetic to paramagnetic region increased as the nickel doping increased. The 

curves also revealed that the trend in the susceptibility curves indicates that the ferrites 

had a single domain behavior. The Curie temperature was also determined by initial 

permeability method and was found to be a closely matching and followed the same 

trend as the values obtained from susceptibility measurements. 

The dielectric constant of the sintered ferrites showed a normal trend of spinel ferrites 

with decrease in dielectric constant with increase in frequency and increase with 

increase in temperature. The temperature variation is more pronounced at lower 

frequencies as compared to higher frequencies. The electrical resistivity indicates the 

semiconductor nature of the sintered ferrites. 
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Chapter 6 

Summary and conclusion 

6.1 Summary of the thesis 

The summary of the thesis titled ‘Synthesis, Characterisation and Solid State Properties 

of doped Nickel and Cobalt Ferrites and their Applications’ is presented in this chapter. 

The three ferrite series were prepared using two synthesis methods namely, combustion 

and precursor combustion method. The properties of the ferrites are summarised with 

respect to the concentration of substituted metal cation as well as the nanosized ‘as-

prepared’ ferrites and the bulk ‘sintered’ ferrites. 

Chapter I gives a brief introduction of the history and structure of ferrites. A detail 

literature reports on the ferrite systems which were studied along with the variation in 

the properties of the ferrites with substitution of various metal ions like Ni, Co, Cd and 

Mg into the ferrite lattice, is presented. A review on the combustion method with the 

effect of oxidizer to fuel ratio on the properties of the ferrites and the precursor 

combustion method is also described. Besides this, a literature survey on the use of 

cubic spinel ferrites in gas sensing applications is also reported in this chapter. 

Chapter II discusses two synthesis methods and the characterization techniques employed 

in the present investigation. The first method i.e. precursor combustion method was 

employed to synthesize the mixed metal hexahydrazine succinate precursors which 

decomposes thermally to form mixed metal ferrites while the second method employed was 

combustion method using hexamine as fuel which also gave nanosized mixed metal ferrites. 

The synthesis steps of both these methods are discussed in this chapter with detailed 

experimentation. The calcination and sintering conditions are given in order to obtain the 

‘as prepared’ nano and ‘sintered’ bulk ferrites, respectively. The various characterizations 

techniques like Infrared spectroscopy, Chemical analysis, TG-DTG-DTA analysis and 

isothermal weight loss studies were used in characterization of the precursor complex are 

discussed here. The details of the techniques that were used to characterize the ‘as prepared’ 

and ‘sintered’ ferrites are also presented in this chapter. These techniques include like X-ray 

diffraction, Infrared spectroscopy, Raman spectroscopy, SEM, TEM, XPS and Mössbauer 

spectroscopy. These were utilised for confirming the phase formation, oxidation states 

of metal ions and crystallinity of the ferrites. Further, the solid state properties like AC 
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susceptibility, DC magnetization, Dielectric studies, DC resistivity and initial 

permeability studies which were carried out on the ferrites are also discussed in this 

chapter.  

Lastly, the preparation of thick films of ‘as prepared’ ferrites and the experimental 

procedure for measuring gas sensing properties using gas sensing setup and various 

sensing parameters are discussed. 

Chapter III describes the study of the characterization and solid state properties of 

nickel doped Cd-Co ferrites with the composition Cd0.5-xNixCo0.5Fe2O4 (x = 0.0, 0.1, 0.2, 

0.3, 0.4, 0.5). The ferrites were synthesize by combustion method employing hexamine 

as fuel to obtain the nanosize ferrite. Pellets were made and sintering was done at 950oC 

for 10 hrs to obtain bulk ferrites. The results obtained were discussed with respect to the 

change in nickel concentration of ‘as prepared’ and ‘sintered’ ferrites. 

The optimization study of oxidizer to fuel ratio for the preparation of ferrites revealed 

formation of smaller crystallite size for fuel deficient ratios while the saturation 

magnetization and coercivity were found to be higher for the fuel excess O/F ratio. The 

‘as-prepared’ and ‘sintered’ ferrites were charaterized by X-ray difraction, Infrared and  

Raman spectroscopy while the morphology was determined from the TEM images. The 

‘as-prepared’ ferrites showed the presence of impurity for the cadmium rich samples (x 

≤ 0.2), while the sintering converted them into single spinel phase ferrites. The lattice 

parameter showed a decrease with increase in nickel concentration for both the ‘as 

prepared’ and the ‘sintered’ ferrites but the a linear decrease in agreement with 

Vegard’s law was observed only for the ‘sintered’ ferrites. The unit cell volume, 

tetrahedral and octahedral hopping length and X-ray density decreased as nickel was 

introduced in the ferrites. The ‘sintered’ ferrites was found to have lower lattice 

parameter and larger crystallite size as compared to the ‘as-prepared’ ferrites. The 

Infrared spectra and Raman spectra of the ‘sintered’ ferrites showed the characteristic 

peaks of spinel ferrite phase which confirmed the monophasic nature of the ‘sintered’ 

ferrites. The scanning electron micrographs of ferrites show distribution of different size 

particles. Ferrites with higher cadmium content found to have a wide distribution of big 

size particles while the nickel rich samples have a smaller distribution of particles. The 

oxidation states of the metal cations were confirmed to be in their normal oxidation 

state from the XPS analysis. Mossbauer spectroscopy further confirmed the Fe3+ 

valence state as well as the high spin nature of the Fe3+ ion. The distribution of iron at 
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the different lattice sites was determined. The isomer shift values are consistent with the 

trivalent iron and quadrupole values indicate the cubic symmetry of ‘sintered’ ferrites. 

The magnetization studied revealed the present of Yaffet-Kittle type of magnetic 

ordering in both the ‘as-prepared’ and the ‘sintered’ ferrites. This was reflected in the 

composition variation of saturation magnetization values which first increased with 

increase in cadmium content and then showed a decrease. The substitution of nickel 

increased the anisotropy of the ferrites. The coercivity of the ferrites increased with 

increase in nickel concentration; the increase is more regular for the sintered ferrites. 

The ‘as-prepared’ ferrites found to have lower saturation magnetization values but the 

coercivity was much higher. The reduced remanant magnetization values revealed the 

presence of magnetostatic interactions between the particles. The temperature variation 

of magnetization was the most interesting observation; the nature of the curves changed 

as the nickel content was increased. A change from a superparamagnetic like behaviour 

to a highly anisotropic spin canted behaviour was observed. The increase in anisotropy 

was also evident from the increase in the blocking temperature and the larger range of 

temperature independent behaviour in the FC curves. In addition to this, a Verwey 

transition was detected in the MT curves of the ‘sintered’ ferrites for the ferrites with x 

≤ 0.3. 

The AC susceptibility studies confirm the change from superparamagnetic to single 

domain particles in the ‘as prepared’ ferrites, whereas a mixture of single domain-

superparamagnetic particles with increase in the single domain behaviour was observed 

in the ‘sintered’ ferrites. The Curie temperature determined from AC susceptibility 

measurements increased with increase in Ni2+ substitution. The Curie temperature was 

lower in the ‘sintered’ ferrites as compared to the ‘as prepared’ ferrites.  The dielectric 

constant and dielectric loss decreased with increase in the AC frequency and increased 

with increase in the temperature. The temperature variation of dielectric constant was 

more pronounced at lower frequencies and at higher temperature. The dielectric 

constant of Cd0.5-xNixCo0.5Fe2O4 (x = 0.0-0.5) ferrites decreases with increase in nickel 

concentration while for the ‘as-prepared’ ferrites the dielectric constant decreases up to 

nickel concentration of x=0.2 and then increased. The resistivity studies indicated the 

semiconducting nature of both the ‘as-prepared’ and ‘sintered’ ferrites. 

Chapter IV deals with the characterization of the hexahydrazine nickel cobalt ferrous 

succinate precursors with the composition NixCo1-xFe2(C4H4O4)3·6N2H4 (x = 0.0, 0.2, 
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0.4, 0.5, 0.6, 0.8, 1.0) followed by characterization and study of solid state properties of 

‘as prepared’ and ‘sintered’ ferrites.  All the precursors were first characterized by 

elemental analysis based on which the formula of NixCo1-xFe2(C4H4O4)3·6N2H4 was 

fixed. The Infrared analysis of the precursor proved the bridging bidentate nature of the 

hydrazine group and the monodentate linkage of the two carboxylate groups of the 

succinate molecule. The precursors loses hydrazine molecules below 160oC and while 

the succinate groups are lost above 200oC. The calcination of the precursors at 500oC 

gave the ‘as-prepared’ ferrite which was obtained in single cubic spinel phase. The 

substitution of nickel into the lattice of cobalt ferrite retained the cubic spinel structure 

with the cubic unit cell decreasing with increase in the nickel concentration. The 

decrease in unit cell volume, decrease in hopping lengths and increase in the X-ray 

density was also observed with increase in nickel concentration.  The bulk density on 

the other hand increased with increase in nickel content in ferrites. The ‘sintered’ 

ferrites also gave single cubic spinel phase with the variation in nickel content following 

the same trend as observed in the ‘as-prepared’ ferrites. The ‘sintered’ ferrites had a 

higher degree of crystallinity with a larger crystallite size as compared to the ‘as 

prepared’ ferrites. The Infrared and Raman data further confirmed the formation of 

single spinel phase. The valence state of the metal cations was confirmed from XPS 

measurements. 

The field dependent magnetization revealed a change in the magnetic property of the 

ferrites from a hard magnetic material for cobalt ferrite to a soft magnetic material for 

nickel ferrite. This was seen in the decrease in coercivity and anisotropy constant of the 

ferrites with increase in nickel content. The saturation magnetization also decreased 

with increase in nickel content due to the lower magnetic moment of nickel as 

compared to that of cobalt. The low temperature measurements showed a small increase 

in saturation due to low thermal fluctuations at low temperatures. The coercivity 

showed a tremendous increase at low temperatures, this was due to the fact that cobalt 

prefers to be at the octahedral site at low temperature. The temperature variation of 

magnetization showed a change in the trend of the curves changing from a highly 

anisotropic spin canted nature to a superparamagnetic trend with increase in nickel 

content. The field cooled low temperature measurements showed the presence of 

exchange bias in the loops. The exchange bias decreased as the nickel content was 

increased and was lower for the ‘sintered’ ferrites. 



310 
 

The susceptibility measurements revealed single domain behaviour for the ‘as prepared’ 

and ‘sintered’ ferrites. The Curie temperature determined from the susceptibility 

measurements showed an increase with increase in nickel content, with the ‘sintered’ 

ferrites having a lower Curie temperature.  The dielectric measurements of the ferrites 

showed decrease in dielectric constant and dielectric loss with increasing frequency and 

increases with increase in temperature. The increase is prominent only at lower 

frequencies and higher temperature. The dielectric constant at room temperature 

decreased with nickel concentration up to x = 0.3 for the ‘as-prepared’ ferrite and up to 

x = 0.4 for the ‘sintered’ ferrites and then the dielectric constant increased with further 

increase in nickel content. The variation at high temperature revealed a decrease with 

increase in nickel content for both the ‘as prepared’ and ‘sintered’ ferrites. 

Chapter V deals with the NixMg1-xFe2O4 (x = 0.0-1.0, x= 0.1) ferrite series that was 

synthesized by combustion method by employing hexamine as fuel. In this chapter the 

characterization and solid state properties of the ‘as-prepared’ and ‘sintered’ NixMg1-

xFe2O4 (x =0.0-1.0) ferrites have been explained followed by their gas sensing 

applications. First the O/F ratio was optimized to synthesize the ferrite series. The 

representative ferrite, Ni0.5Mg0.5Fe2O4 was synthesized using different O/F ratios. It was 

noticed that a smaller amount of fuel was adequate to get a single phase spinel ferrite 

having a comparatively smaller crystallite size.  This was because of lower combustion 

temperature involved due to fuel deficient synthesis. The use of excess fuel resulted in a 

faster reaction rate due to generation of higher temperature but gave a mixed phase 

ferrite. It was also observed that the ferrites prepared from lower fuel ratios have lower 

saturation magnetization and coercivity values. Thus considering all these factors, a O/F 

ratio of 1:0.17 was chosen to synthesize NixMg1-xFe2O4 (x =0.0-1.0) ferrites.  

The ferrites prepared by combustion method using the above O/F ratio were calcined in 

air at 500oC to obtain the ‘as-prepared’ ferrites. These ferrites were obtained in pure 

spinel phase with the exception of two of them i.e. x = 0.0 and 0.2, which showed trace 

impurity of α-Fe2O3. The sintering of the ‘as-prepared’ ferrites at 1000oC for 10 hrs 

gave a single phase spinel ferrites with no impurity detected. The further confirmation 

of purity of phase in the ‘sintered ferrites’ was obtained from the Infrared and Raman 

data. The Raman spectra contained all the characteristic peaks of spinel ferrite and did 

not show any impurity peaks.  
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The lattice parameter decreased with increase in nickel concentration for the ‘as 

prepared’ and the ‘sintered’ ferrites, but the decrease for the ‘sintered’ ferrite was linear 

in agreement with Vegard’s law. The unit cell volume and hopping lengths at the 

tetrahedral and octahedral sites varied in accordance with the lattice parameter. The 

densities of the ferrites increased after sintering. The solid state properties of the ferrites 

also varied after sintering. The saturation magnetization values for example, increased 

with sintering. The nanosized ‘as-prepared’ ferrites showed canted structure which 

reduces the saturation magnetization. The increase in nickel content in the ferrites 

results in an increase in saturation magnetization due to the higher magnetic moment of 

nickel, but for the higher nickel concentrations there was a decrease in saturation 

magnetization values. The coercity of the ‘sintered’ ferrite followed a similar trend 

while there was no clear trend in coercivity for the ‘as prepared’ samples. The ‘as-

prepared’ ferrite had a core shell spin structure which was inferred from the non-

saturation behavior of the hysteresis loops. The low reduced remanant values points to 

the presence of uniaxial anisotropy in the ferrites. The temperature variation of 

magnetization revealed a superparamagnetic behavior for all the ferrites with the 

blocking temperature increasing with increase in nickel content. The AC susceptibility 

revealed a change in the domain structure from superparamagnetic to single domain in 

the ‘as-prepared’ ferrites while all the ‘sintered’ ferrites showed a single domain 

behavior. The Curie temperature determined from the susceptibility measurement 

increased with increase in nickel concentration for both the ‘as-prepared’ and ‘sintered’ 

ferrites. The Curie temperature was lower for the ‘sintered’ ferrites as compared to the 

‘as-prepared’ ferrites. 

The dielectric studies of the ferrites showed that the dielectric constant and dielectric 

loss decreases with increasing frequency and increases with increase in temperature. 

The increase with temperature is prominent only at lower frequencies and higher 

temperature. The dielectric constant at room temperature increased with nickel 

concentration for the ‘as-prepared’ ferrite but for the ‘sintered’ ferrites the increase was 

observed up to x = 0.6 and then the value decreased with increase in nickel content. The 

high temperature variation showed an increase with increase in nickel contents, for both 

the as-prepared’ and ‘sintered’ ferrite. The loss tangent showed relaxation peaks for the 

‘as-prepared’ ferrites which were not observed in the ‘sintered’ ferrites. 
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6.2 Conclusions of the thesis 

In the present work the variation in the properties of the ferrites with incorporation of 

non-magnetic ions (Cd2+, Mg2+) and soft magnetic ion (Ni2+) into the spinel lattice were 

studied. The properties of the ferrites had a strong correlation to the dopant ion. The 

sintering of the samples also leads to a change in the properties. The significant 

observations of the thesis are concluded here. 

 The structural parameters of the ferrites vary with the doping cation. The 

introduction of an ion of smaller radius as dopant compared to the parent ion 

results in a decrease in the unit cell length. This subsequently results in a 

decreases in cell volume, hopping lengths of the ions and an increase in X-ray 

density. Sintering of the ferrites leads to a smaller unit cell than the ‘as prepared’ 

ferrites but their crystallite size is larger. 

 Infrared and Raman spectroscopy provides the clear evidence of the formation of 

spinel phase with peaks corresponding to the cubic spinel phase and no extra 

peaks due to impurity been observed. 

 The XPS studies determined the oxidation states of the various ions in the ferrites 

and Mӧssbauer spectroscopy confirms the presence Fe3+ ion and the fraction 

present at tetrahedral and octahedral sites. 

 The magnetic properties of ferrites can be tuned by the incorporation of metal ions 

as well as by sintering. The presence of non-magnetic Cd2+ ions lead to spin 

canting at the octahedral sites. The saturation magnetization increases and then 

decreases with variation in cadmium concentration. 

 The addition of highly anisotropic Co2+ ions leads to a high coercivity in the 

ferrites. The substitution of nickel ions for cobalt ions lead to a decrease in 

coercivity. The ferrites can be changed from a hard ferrimagnet to a soft 

ferrimagnet. The addition of nickel ions into the cobalt ferrite lattice lead to a 

decrease in saturation magnetization.  

 The MT curves changed with nickel substitution in Co-Cd ferrite. The addition of 

nickel lead to a change in the trend of the loop from a superparamagnetic like to a 

spin canted nature. The magnetic interactions increased with nickel doping 
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leading to this trend. The increase in particle size with sintering of the nickel 

doped Co-Cd ferrite lead to the occurrence of a Verwey transition. 

 The Curie temperature increased with increase in nickel content in Co-Cd ferrite, 

Co ferrite and Mg ferrite.  

 The dielectric constant decreases with increase in frequency. Sintering of the 

ferrites lead to a decrease in the dielectric constant. The addition of dopant did not 

give a continuous increase/decrease in dielectric constant leading to conclude that 

the p-type charge carriers make a contribution to the dielectric constant.  

 The resistivity measurements revealed a semiconductor behaviour with an inverse 

relationship to the dielectric constant. 

 The gas sensing properties were observed for the thick films of ‘as prepared’     

Cd0.5-xNixCo0.5Fe2O4 (x = 0.0 - 0.5) and NixMg1-xFe2O4 (x = 0.0 - 1.0) ferrites 

prepared by combustion method. These ferrites showed a better response towards 

NO2 and a lesser response towards Cl2 gases. 
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Abstract Nickel cobalt ferrite, Ni0.5Co0.5Fe2O4, has been

prepared by precursor combustion technique from hexa-

hydrazine nickel cobalt ferrous succinate precursor. The

precursor was characterized by chemical analysis, CHNS

analysis, infrared spectroscopy, TG–DTA and mass loss

studies. The thermal data show how the precursor decom-

poses in four steps to give stable ferrite phase. The precursor

decomposes autocatalytically once initially ignited, to give

the ‘as-prepared’ nano-spinel ferrite. The X-ray diffraction

analysis reveals single cubic spinel phase structure. The

infrared measurements between 4000 and 350 cm-1 con-

firmed the intrinsic cation vibrations of the spinel structure.

The SEM image clearly shows the nanosized nature of the

ferrite. The dielectric constant and loss tangent are found to

decrease with increase in frequency which is due to Max-

well–Wagner interfacial polarization. The loss tangent

shows a relaxation peak at *1 kHz. The variation of DC

electrical resistivity with temperature indicates semicon-

ductor behaviour. The temperature- and field-dependent

magnetization data of ‘as-prepared’ ferrite reveal that the

lattice has either a canted or partially misaligned spin

structure due to the nanosized nature of the ferrite.

Keywords Hexa-hydrazine metal succinate precursor �
Thermal analysis � Auto catalytic decomposition �
Magnetic nanoparticles � Dielectric relaxation � Magnetic

properties � Magnetic anisotropy

Introduction

Ferrite nanoparticles are of great interest because of their

scientific aspects in understanding the fundamentals of

nanomagnetism and their extensive applications [1] in

permanent magnets, targeted drug delivery, high-density

information storage devices, ferrofluid technology, mag-

netic resonance imaging and heterogeneous catalysis [2, 3].

The spinel ferrite structure consists of a cubic close-packed

array of anions, with one eighth of the tetrahedral (A) and

one half of the octahedral (B) interstitial sites occupied by

cations. The properties of ferrite nanoparticles are strongly

influenced by composition and microstructure, which are

sensitive to the preparation methodology used in their

synthesis [4, 5].

The magnetization in Co-doped Ni ferrites strongly

depend on the cation distribution of the magnetic Fe3?,

Ni2? and Co2? ions among the A and B sites. Bulk cobalt

ferrite is a well-known hard magnetic material that pos-

sesses high coercivity (5400 Oe), high chemical stability,

good electrical insulation, significant mechanical hardness

and moderate saturation magnetization (80.0 emu g-1) at

room temperature [6]. However, nanosized CoFe2O4 par-

ticles acquire much higher values of coercivity but rela-

tively lower saturation magnetization [7, 8] which depends

on the particle size and the method of preparation. On the

other hand NiFe2O4 is a typical soft magnetic material [9].

Although the effect of Co as dopant on the structural

properties of Ni ferrite nanoparticles and the mechanism

behind the enhancement of magnetic response has been

studied by many [10–16], still there is scope for further

study of magnetic and dielectric properties [17].

There are several different synthesis methods used to gen-

erate ferrites as reported in the literature including sol–gel [18],

co-precipitation [19], hydrothermal [20], mechano-chemical
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[21], refluxing [22], precursor [23], auto-combustion [24, 25]

and newly developed precursor combustion method [26–32]

by us. Here we are adding mixture of transition metals ion

solution to carboxylate solutions containing hydrazine to form

mixed metal hydrazine-carboxylate complexes.

In these complexes, besides metal carboxylate chem-

istry, the chemistry of hydrazine is also interesting [33] not

only because it has a potent N–N bond, two free electron

pairs and four substitutable hydrogen atoms but also

because it forms various complexes with transition metals

[34]. Thermal reactivity of metal hydrazine complexes is of

interest since the stability of these complexes changes

dramatically, depending upon the carboxylate and other

anions as well as the metal cations. Secondly, hydrazine

being a fuel not only supports combustion but also lowers

the decomposition temperature of the metal complexes

[35]. These complexes are important precursors to obtain

nanosized metal oxides, which can have interesting elec-

trical, magnetic, sensing and catalytic properties [36–38].

In this paper, we are not only reporting the synthesis of

hexa-hydrazine nickel cobalt ferrous succinate precursor,

its characterization and thermal decomposition to Ni0.5-

Co0.5Fe2O4 nanoparticles, but also the magnetic and

dielectric properties of nanosized Ni0.5Co0.5Fe2O4.

Experimental

Preparation of hexa-hydrazine nickel cobalt ferrous

succinate precursor

The hexa-hydrazine nickel cobalt ferrous succinate precur-

sor was synthesized by employing the method first devised

by our group [39]. An aqueous solution of sodium succinate

and hydrazine monohydrate (99–100%) in the ratio 1:2 was

stirred in an inert N2 atmosphere for 2 h. To this solution,

stoichiometric amount of freshly prepared ferrous chloride,

mixed with nickel chloride and cobaltous chloride was added

drop wise with constant stirring. The light brown precipitate

obtained was filtered, washed with ethanol, dried with die-

thyl ether and stored in a vacuum desiccator.

0:5NiCl2 aqð Þ þ 0:5CoCl2 aqð Þ þ 2FeCl2 aqð Þ
þ 3Na2 C4H4O4ð Þ aqð Þ þ 6N2H4 aqð Þ
! Ni0:5Co0:5Fe2 C4H4O4ð Þ3�6N2H4 sð Þ þ 6NaCl aqð Þ

ð1Þ

Characterization

The precursor was analysed titrimetrically to determine the

hydrazine content using KIO3 as titrant, as reported elsewhere

[40]. The nickel and cobalt content in the precursor was

determined by complexometric titrations as mentioned in the

Vogel’s textbook of quantitative chemical analysis [40], while

Fe was determined gravimetrically as Fe2O3. The carbon,

hydrogen and nitrogen content of the precursor was deter-

mined on Elementar Vario Micro Cube CHNS analyser. The

infrared spectra of the precursor and its decomposed products

were done on a Shimadzu IR Prestige-21 series Fourier

transform infrared spectrophotometer. The decomposition of

the precursor with temperature was also monitored by infrared

spectroscopy. The simultaneous thermogravimetric (TG),

derivative thermogravimetry (DTG) and differential thermal

analysis (DTA) measurements of the precursor were recorded

from RT to 800 �C on a Netzsch STA 409 PC (Luxx) anal-

yser. The experiments were carried out in oxygen atmosphere

at a purge rate of 100 mL per min and ramping rate of 10 �C
per min with 10 mg of the sample in alumina cups. The

isothermal mass loss and total mass loss studies of the pre-

cursors were also carried out at different predetermined

temperature based on TG–DTG–DTA results. Hydrazine

estimation was also carried out at these temperatures.

Powder X-ray diffraction at room temperature was per-

formed with a Rigaku Mini flex X-ray diffractometer with

monochromatized Cu-Ka radiation filtered through Ni

absorber, to identify the phase structure of the decomposed

products. The morphology of the ‘as-prepared’ Ni0.5Co0.5-

Fe2O4 was investigated by a scanning electron microscope

(Carl Zeiss Model No. EVO18). The frequency variation of

dielectric constant was carried out at room temperature from

20 Hz to 10 MHz using a Wayne Kerr LCRQ meter (Model

No. 6500P). DC resistivity of the sample was measured as a

function of temperature ranging from room temperature to

773 K and back to room temperature, using two probe tech-

nique. Magnetization measurements were carried out on a

Quantum Design Versa Lab vibrating sample magnetometer

in an external field up to 3 Tesla and from 50 to 400 K.

Autocatalytic decomposition of the precursor

The dried hexa-hydrazine nickel cobalt ferrous succinate

precursor was spread on a ceramic tile and ignited with a

burning splinter. The precursor catches fire and burns with

a red glow which spreads over the entire powder to give the

auto-combusted nanosized ferrite, Ni0.5Co0.5Fe2O4. The

Ni0.5Co0.5Fe2O4 powder was then heated at 500 �C for 5 h

to remove any residual carbon formed during the com-

bustion process to give the ‘as-prepared’ ferrite.

Results and discussions

Elemental analysis

The hydrazine content of the precursors was obtained under

Andrews conditions by titrating against 0.05 mol L-1 KIO3.
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The observed percentage of hydrazine (26.9%) matches well

with the theoretical percentage (27.02%) considering Ni0.5-

Co0.5Fe2(C4H4O4)3�6N2H4 as formula of the complex.

The chemical analysis of the precursor was done to

estimate the percentages of Ni, Co, Fe, C, H and N. A

known amount of the precursor was taken and decomposed

by evaporating to dryness first in aqua regia to decompose

the succinate group and then in concentrated hydrochloric

acid to bring the metals into their chloride form. To this

10 mL of 9 mol L-1 HCL was added along with 0.5 mL of

hydrogen peroxide (30% w/v) to oxidize all Fe2? to Fe3?.

The three metals were then separated on a strongly basic

anion exchange resin (Amberlite IR 400 Cl- form) using

different eluents, i.e. nickel with 150 mL 9 mol L-1 HCl,

Co with 100 mL 4 mol L-1 HCl and Fe with 150 mL

0.5 mol L-1 HCl [41]. The metal ion solutions obtained

were evaporated to about 2–3 mL and neutralized before

making the stock solution. Ni and Co was estimated by

EDTA titration using murexide and xylenol orange,

respectively, as indicators. Fe was estimated gravimetri-

cally by precipitating as iron hydroxide using ammonium

hydroxide solution. The iron hydroxide was then heated at

550 �C in a muffle furnace and weighed as the oxide Fe2O3

from which the amount of Fe was determined.

The percentage of Ni, Co and Fe was found to be 4.13,

3.87 and 15.66% which matches closely with the theoret-

ical percentage of the respective metals (Table 1). The

carbon, hydrogen and nitrogen content were determined

using a CHNS analyser and were found to be 20.49, 4.96

and 23.16%, respectively, which matches closely with the

theoretical values (Table 1). This confirms the formation of

precursor with the formula Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4.

The formula of the complex was also confirmed with the

total mass loss of 66.93% which matches with the theo-

retically calculated mass loss of 66.99% considering the

above mentioned formula.

Infrared spectroscopy studies

The infrared spectrum of the complex (Fig. 1) shows four

absorption bands in the region 3359–3188 cm-1 due to N–

H stretching. The N–N stretching frequency at 967 cm-1

proves the bidentate bridging nature of the hydrazine

ligands [42]. The asymmetric and symmetric stretching

frequencies of the carboxylate ion are observed at

1621 cm-1 and 1415 cm-1, respectively, with Dc (casym–

csym) separation of 206 cm-1, which indicates the mon-

odentate linkage of both the carboxylate groups in the

dianion [43]. The bands at 2960 and 2917 cm-1 are due to

C–H asymmetric stretching. The band at 1123 cm-1 is

observed due to NH2 waging and at 661 and 583 cm-1 are

due to NH2 rocking. The infrared data confirm the forma-

tion of hexa-hydrazine nickel cobalt ferrous succinate

precursor.

Thermal analysis of the precursor

The TG–DTA trace of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 is

shown in Fig. 2. The thermogravimetry curve shows four

major mass loss regions from room temperature to 800 �C.

The mass loss of 2.30% from RT to 130 �C (Table 2) is

due to loss of adsorbed moisture. The mass loss of 5.68 and

22.86% from 130 to 155 �C and from 155 to 235 �C is due

to loss of one hydrazine molecule and five hydrazine

molecules, respectively. The DTA curve shows a small

exothermic peak at 151 �C and a sharp exothermic peak at

182 �C due to this dehydrazination. A mass loss of 14.2%

from 235 to 290 �C and 20.83% from 290 to 400 �C is due

to loss of one succinate molecule and two succinate

molecules, respectively, of the precursor. The DTA curve

shows a sharp exotherm in this region with peaks at 290

and 303 �C. The sharp peaks seen in derivative of the

curve (DTG) of the complex (Fig. 3) doubly confirms that

hydrazines as well as the succinate groups are lost in two

steps. Total mass loss studies carried out at 400 �C in air

shows a total mass loss of 66.93%, which matches with the

Table 1 Hydrazine analysis, metal content and CHNS analysis of

Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor

Element/compound Experimental/% Theoretical/%

N2H4 26.91 27.02

Ni 4.13 4.13

Co 3.86 4.15

Fe 15.66 15.72

C 20.49 20.27

N 23.16 23.65

H 4.96 5.07
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Fig. 1 Infrared spectrum of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4

precursor
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theoretically calculated mass loss of 66.99%. This also

confirms the formula of the hexa-hydrazine nickel cobalt

ferrous succinate precursor as Ni0.5Co0.5Fe2(C4H4O4)3�
6N2H4.

It has been reported that hydrazinated precursors lose

their hydrazine molecules in the presence of air between

100 and 300 �C [44]. They react explosively with atmo-

spheric oxygen liberating enormous amounts of energy

which is sufficient to oxidatively decompose the hydrazi-

nated complex into its metal oxide. The decomposition of

the hydrazinated precursor was monitored using FT infra-

red spectroscopy (Fig. 4a, b). Hydrazine loss starts at

around 100 �C (Table 3). The decrease in the intensity of

the N–H stretching peak (3358–3187 cm-1) and the N–N

stretching peak (967 cm-1) with increase in temperature

from 100 to 150 �C indicates the loss of hydrazine. These

peaks disappear at *150 �C (Fig. 4a) as well as hydrazine

percentage becomes zero (Table 2) which indicates the

complete loss of hydrazine. Above 150 �C the decompo-

sition of the succinate group starts.

The isothermal mass loss study at different temperatures

is shown in Table 3. From RT to 100 �C a mass loss of

5.28% is observed. The hydrazine analysis in this range

shows an increase in hydrazine content, thus indicating that

this loss is due to adsorbed moisture on the powder. In the

temperature range of 100–130 �C, a mass loss of 13.45% is

observed. The hydrazine analysis carried out at this tem-

perature gives a value of 13.29%, corresponding to the loss

of four hydrazine molecules. From 130 to 150 �C, a mass

loss of 8.54% was obtained and hydrazine analysis indi-

cated the loss of the two remaining hydrazine molecule.

Between 150 and 300 �C the decomposition of the succi-

nate group starts, first one of the succinate groups is lost

(*250 �C) and then the remaining two groups are lost.

Above 300 �C, the marginal loss observed is due to

unburnt carbon formed during the combustion process.

This isothermal mass loss study matches with the decom-

position of the complex as monitored by infrared

spectroscopy.

Structural analysis

Figure 5 shows the X-ray diffraction pattern of the ‘as-

prepared’ Ni0.5Co0.5Fe2O4. The diffraction lines provide

clear evidence for the formation of cubic spinel ferrite

phase. The diffractogram shows major characteristic peaks

at 30.20�, 35.58�, 43.26�, 53.69�, 57.22� and 62.85� which

can be indexed with the (220), (311), (400), (422), (511)
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Fig. 2 TG–DTA curves of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor

Table 2 TG–DTA data of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor

TG DTA peak/�C Remarks

Temperature range/�C Mass loss/%

RT–130 2.30 – Loss of adsorbed moisture

130–155 5.68 151 (exo) Loss of one N2H4 molecule

155–235 22.86 182 (exo) Loss of five N2H4 molecule

235–290 14.20 290 (exo) Decarboxylation of one succinate group

290–400 20.83 303 (exo) Decarboxylation of two succinate group
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Fig. 3 TG–DTG curves of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor
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and (440) diffraction planes as per JCPDS Card No.

01-088-380. No impurity phases were detected in the X-ray

spectra. The lattice parameter was found to be 8.3669 Å

which matches closely with the value reported in the lit-

erature [3]. The average crystallite size calculated using

Scherrer’s formula was found to be 26.12 nm.

Figure 6 shows the FT infrared spectrum of ‘as-pre-

pared’ Ni0.5Co0.5Fe2O4 studied in the frequency range

1000–350 cm-1 instead of 1000–400 cm-1 in order to

obtain the c3 M–O stretching band at 352 cm-1. The

sample was prepared by grinding with KBr. The fig-

ure shows two major absorption bands in the frequency

range 800–350 cm-1 which are characteristics of spinel

ferrites. The higher frequency absorption band (c1) is

caused by the stretching vibrations of the tetrahedral

metal–oxygen bond and the lower frequency absorption

band (c2) is caused by the metal–oxygen vibration in

octahedral sites. These bands are characteristic of the spi-

nel structure [45]. The M–Otet band was observed at

600 cm-1 while the M–Ooct band was at 402 cm-1. The

difference in the band positions are expected because the

bond lengths of Fe3?–O2- bond are not equal for the

tetrahedral and octahedral metal complex. It was found that

the Fe–O distance on the A-site (1.89 Å) is smaller than

that on the B-site (1.99 Å) [46]. A third band at 352 cm-1

(c3) is assigned to the divalent metal ion–oxygen complex

in the octahedral site [47].

Figure 7 shows the SEM micrographs of ‘as-prepared’

Ni0.5Co0.5Fe2O4. The estimated average particle size was

about 38 nm which is slightly higher than the crystallite

size obtained from XRD using Scherrer’s formula. This is

due to the fact that the ‘as-prepared’ particles minimize

their surface energy by slightly getting agglomerated and

clustered which results in forming relatively larger

particles.
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Fig. 4 a Infrared spectrum showing the decomposition of Ni0.5Co0.5-

Fe2(C4H4O4)3�6N2H4 precursor with change in temperature

(100–200 �C). b Infrared spectrum showing the decomposition of

Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor with change in temperature

(250–400 �C)

Table 3 Mass loss and hydrazine analysis data of Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4 precursor

Temperature range/�C RT–80 80–110 110–130 130–150 150–200 200–250 250–300 [300

Mass loss/% 4.14 1.14 13.45 8.54 4.83 9.37 24.85 1.08

Hydrazine content/% 27.981 26.55 13.29 0.00 – – – –
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Fig. 5 X-ray diffraction spectrum of ‘as-prepared’ Ni0.5Co0.5Fe2O4
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Dielectric properties

The effect of frequency on dielectric constant at room

temperature is shown in Fig. 8. The sample shows normal

behaviour with frequency, where the dielectric constant

decreases with increase in frequency. The decrease is quite

rapid at low frequencies (up to 1 kHz) and becomes quite

slow at higher frequencies. Above 1 MHz it shows fre-

quency-independent behaviour. This can be explained on

the basis of Maxwell–Wagner theory [48] in accordance

with Koops phenomenological theory [49]. The dielectric

structure of ferrite materials is composed of two layers, a

large layer of well-conducting ferrite grains separated by a

thin layer of relatively poor conducting grain boundaries.

The electrons reach the grain boundaries through hopping

and since the resistance of the boundary is high enough, the

electrons pile up at the boundary and produce polarization.

As the applied field is increased beyond certain frequency

the electrons cannot follow the applied field [50]. This

decreases the possibility of the electrons reaching the grain

boundary and as a result polarization decreases.

The value of dielectric constant obtained in the present

study is much higher than reported by Gul et al. [51] but

much lower than the other reports [52]. This variation may

be due to different methods of synthesis as well as different

temperatures of calcination.

The energy loss is characterized by the dielectric loss

factor (tan d), where the angle d is the phase difference

between the applied electric field and the induced current.

The dielectric loss arises when the polarization lags behind

the applied alternating field and is caused by imperfections

and impurities in the crystal lattice. Figure 8 shows the

variation of loss tangent with frequency at room tempera-

ture. The loss tangent shows an initial increase with fre-

quency reaches a maximum at *300 Hz and then decreases.

According to the Rezlescu model [53] the relaxation peaks

occur due to the collective contribution of both n-type and p-

type charge carriers. The n-type charge transfer in ferrites is

due to the hopping of electrons between Fe2? and Fe3? ions

according to

Fe3þ þ e� $ Fe2þ ð2Þ

While p-type charge transfer is due to

M2þ $ M3þ þ e� ð3Þ

The relaxation peaks occur when the jumping rate or

hopping rate of electrons between Fe2? and Fe3? becomes

approximately equal to the applied field and this phe-

nomenon is termed as ferromagnetic resonance [54]. The

dielectric loss tangent values found in the present study

matches with the reported values [52].

DC Electrical Resistivity

The variation of DC resistivity with temperature is shown

in Fig. 9. The DC resistivity curve shows a decrease with
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increase in temperature for the ‘as-prepared’ ferrite, thus

indicating the semiconductor nature of the ferrite. The

conduction mechanism can be explained on the basis of

Verwey’s mechanism [55], which states that the conduc-

tion in ferrites is attributed to the hopping of electrons

between Fe2? and Fe3? ions and these ions should be

distributed randomly on the octahedral site. With increase

in temperature the drift mobility of the charge carriers

increases, this results in decrease in resistivity. The plot

shows changes in the slope of resistivity with increasing

temperature giving distinct regions with different conduc-

tion mechanisms operating in these regions. At low tem-

peratures the conduction is due to impurities, voids, etc.

present in the structure. As the temperature is increased,

Fe3? ions from the A-site moves to the B-site, this

increases the concentration of Fe3? ions on the B-site, and

hence, the hopping between Fe2? and Fe3? increases which

causes a decrease in the resistivity values [56]. The amount

of Fe3? ions that migrate to the B-site saturates above

700 K. The last change in the slope of resistivity is due to

change from ferroelectric to paraelectric conduction which

represents the Curie point of the sample. The Curie tem-

perature of the ‘as-prepared’ ferrite was found to be 762 K

which matches with reported values [51].

Magnetic properties

Figure 10 shows the M–H curves of Ni0.5Co0.5Fe2O4 at

different temperatures up to a maximum magnetic field

strength of 3 Tesla. The saturation magnetization increases

with decrease in temperature (Table 4) due to decrease in

thermal fluctuation effects on the magnetic ions. The satu-

ration magnetization value at RT was found to be

54.236 emu g-1 which is in agreement with the reported

value of *54 emu g-1 [57, 58]. The remanent magnetiza-

tion and coercivity also show a sharp increase with decrease

in temperature. The high irreversibility and non-saturation

behaviour of magnetization observed in the hysteresis loops

at lower temperatures indicates the existence of ordered core

spins and canted or disordered surface spins due to broken

symmetry for antiferromagnetic interactions [59]. Due to

strong coupling between disordered surface spins and

ordered core spins, these disordered surface spins are not

aligned even by high applied fields. The reduced remanent

magnetization (Mr/Ms) value at room temperature is less

than 0.5 (Table 3). According to the Stoner–Wohlfarth

model [60], this is more in agreement with uniaxial aniso-

tropy rather than cubic anisotropy. The Anisotropy constant

for uniaxial anisotropy is given by the relation

Hc ¼ 0:985Keff=Ms ð4Þ

while for cubic anisotropy, it is

Hc ¼ 0:64Keff=Ms ð5Þ

where Hc, Keff and Ms are the coercivity, anisotropic con-

stant and saturation magnetization, respectively. The strong

magnetocrystalline anisotropy of cobalt ferrites is mainly

due to the presence of Co2? ions in the octahedral sites of

the spinel structure [61]. When the temperature increases,

Co2? ions move from octahedral sites to tetrahedral sites

[62], which cause a decreasing in the concentration of the

Co2? ions in the octahedral sites. Therefore, with increas-

ing temperature Keff decreases, which is also observed in

the present study (Table 4).

Figure 11 shows the zero-field-cooled (ZFC) and field-

cooled (FC) curves of Ni0.5Co0.5Fe2O4 nanoparticles

measured in the temperature range of 50–400 K under an

applied field of 250, 500 and 1000 Oe. Firstly, the

nanoparticles were cooled down without any external

magnetic field, and then, the magnetization (MZFC) of the

nanoparticles was recorded during heating up to 400 K

under an applied field. Later the nanoparticles were

cooled down again in an applied field, and then, the

magnetization (MFC) of the nanoparticles was recorded

during heating up to 400 K under an applied field. The

MFC curve is almost independent of temperature over the

temperature range, while the MZFC shows a decreasing

trend with decrease in temperature. The decreasing trend

of the MZFC indicates that at ambient temperature the

spins of the transition metal ions in octahedral and

tetrahedral sites have a deviation from the antiparallel

alignment, and thus, the lattice has either a canted or

partially misaligned spin structure [63]. This can be due

to the nano-nature of the sample. As the temperature is

reduced, the thermal fluctuations decrease and the spins

orient to reduce the canting angle and are aligned to a

ferromagnetic structure. The ZFC–FC magnetization show
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thermo-magnetic irreversibility that is divergence between

the MFC and the MZFC magnetization curves [61]. The

MZFC and the MFC curves show bifurcation over the

whole temperature range, which indicates that the system

is not magnetically homogenous although the material is

chemically homogenous [64, 65].
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Fig. 10 Hysteresis loops for ‘as-prepared’ Ni0.5Co0.5Fe2O4 at selected temperatures

Table 4 Magnetization data for ‘as-prepared’ Ni0.5Co0.5Fe2O4

Temperature/K Ms/emu g-1 Mr/emu g-1 Hc/Oe Mr/Ms Keff 9 105/erg cm-3

310 54.2361 18.8807 1703 0.3482 0.938

200 58.2160 31.9700 5219 0.5492 3.085

100 58.2445 41.6994 12,772 0.7159 7.439

50 58.2638 43.2290 16,073 0.7431 9.365
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Conclusions

Single-phase nanocrystalline Ni0.5Co0.5Fe2O4 was synthe-

sized at a relatively low temperature (500 �C) by the

autocatalytic decomposition of hexa-hydrazine nickel

cobalt ferrous succinate precursor. The infrared and ther-

mal analysis data confirmed the formula of the precursor as

Ni0.5Co0.5Fe2(C4H4O4)3�6N2H4. The thermal decomposi-

tion analysis indicated a two-step dehydrazination followed

by a two-step oxidative decarboxylation to give the ‘as-

prepared’ ferrite. The X-ray diffractogram and FT infrared

spectrum confirmed the formation of pure cubic spinel

phase with no trace of impurity. The SEM micrographs

confirmed the nanosized nature of the ‘as-prepared’ ferrite.

The dielectric constant showed decreasing trend with fre-

quency while loss tangent showed relaxation peaks which

has been explained in the light of Maxwell–Wagner two

layer model and Koops phenomenological theory. DC

conductivity indicates semiconductor nature of the ferrite

with different conduction mechanisms operating over the

temperature range. The lack of saturation at low tempera-

ture and high coercivity indicate high magnetocrystalline

anisotropy present in the sample. The temperature- and

field-dependent data of the ‘as-prepared’ ferrite reveals that

the lattice has either a canted or partially misaligned spin

structure due to the nanosized nature of the ferrite.
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a b s t r a c t

The nanocrystalline Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0 to 0.5) ferrites were synthesized by auto combustion
technique using hexamine as fuel. The substitution of non magnetic Cd2þ ions in the tetrahedral site
causes canting on the octahedral site. The saturation magnetization increases with Ni substitution up to
X¼ 0.3 and then decreases with further increase in Ni substitution at room temperature. This behaviour
is consistent with YafeteKittel magnetic ordering. A three sub-lattices model (A, B1 and B2) has been used
to describe the magnetic behaviour of the ferrites. Low temperature unsaturated magnetization
behaviour indicates the core shell structure of the nanoparticles i:e ordered core spins and randomly
oriented surface spins. Reduced remanent magnetization values (Mr/Ms) suggest that the samples have
uniaxial anisotropy at room temperature. The variation of magnetizations of the samples with temper-
ature was studied by ZFCeFC technique at three different applied fields of 250 Oe, 500 Oe and 1000 Oe.
The nature of the curves showed a change with increase in Ni concentration. The blocking temperature
and anisotropy increased with Ni concentration. The average crystallite size was found to be in the range
of 6e13 nm. The lattice constant decreased with Ni concentration. The Dielectric property has been
explained on the basis of Maxwell-Wagner's two layer model while A.C. susceptibility studies indicate
single domain-superparamagnetic domain structure. The Curie temperature shifts to higher temperature
with increase in Ni concentration.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Transition metal oxide nanostructures, due to their partially
filled d-shells are an important and interesting class of materials as
they exhibit unique properties like high dielectric constant, good
electrical conductivity, wide band gap, etc. Magnetic transition
metal oxide nanomaterials have generated great interest in recent
years is not only because of their wide fields of applications in
magnetic recording, optical devices, coolants, sensors, electronics,
biomedicine, catalysis, etc [1] but also for their unique physical
properties, greatly differing from those of their parent bulk mate-
rials. Reduction of size of magnetic nanoparticles below a certain
limit causes them to become single domain exhibiting unique
phenomena like super-paramagnetism, large coercivity, etc [2]. The
ferromagnetic structure having canted or non-collinear spins are a
subject of considerable interest as it determines strong modifica-
tion of the magnetic properties like reduction of saturation
nkar).
magnetization. Many attempts were made to provide an appro-
priate explanation for this canting of spins. Yafet and Kittel [3]
proposed an approach in which one sublattice is divided into two
halves, each oppositely canted at some uniform canting angle
relative to the average magnetization. They proposed that substi-
tution of a non-magnetic ion on one of the sub-lattices could lead to
a non-collinear arrangement on the other. Geller [4,5] gave a
localized canting approach in which individual moments on one
sublattice are canted at different angles, depending on the char-
acteristics of the local magnetic environment. Substitution of
nonmagnetic ions at either site alters the AeA or BeB and AeB
interactions, which can lead to a significant change in their phys-
ical properties [6]. It is well known that Cd substitution modifies
the magnetic and electric properties of ferrites to a considerable
extent [7e11].

Among the various types of magnetic nanoparticles, Spinel
ferrite nanoparticles are most fascinating ones. They are ceramic
materials with general formula AFe2O4 consisting of a mixture of
trivalent iron and other divalent metal ions (A) which are in de-
mand in electronics and engineering industries and hence is of
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economic importance within the family of magnetic materials [12].
By modifying the chemical composition of the Spinel ferrite
nanoparticles, one can vary the dielectric and magnetic properties
and hence can widen the scope of applications [13e15].

The properties of Spinel ferrites are sensitive to the preparation
method [16]. In order to form these fine Spinel ferrite nanoparticles,
various wet methods have been devised which includes freeze
drying, spray drying, co-precipitation, sonochemical, combustion,
precursor combustion and sol-gel as well as dry methods such as
mechanical alloying and thermal plasma [17e28]. Among these
methods the solution combustion method stands out as an alter-
native and highly promising method [29]. It is a low temperature
synthesis technique compared to ceramic technique, which offers a
unique mechanism via a highly exothermic redox reaction to pro-
duce metal oxides [30e38]. In combustion synthesis, it is easy to
control the stoichiometry and the crystallite size, which has an
important influence on the magnetic properties of the ferrites.
Organic compounds such as glycine, urea, citric acid, alanine or
carbohydrazide have been mixed with metal nitrates to make a
redox mixture for the combustion synthesis [39e41]. Not only the
choice of fuel but the fuel to oxidizer ratio is important in com-
bustion synthesis. In general, a good fuel should react non-
violently, produce non-toxic gases and act as a complexant for
metal ions [27,42]. Hexamine, also called hexamethylenetetramine
or methenamine or urotropine which is a heterocyclic organic
compound widely used in organic synthesis [30,31], qualifies to be
a good fuel as it satisfies the above mentioned points.

The combustion reaction of hexamine follows the following
route.
ðCH2Þ6N4þ12O2/6CO2þ2NOþ 2NO2þ6H2O DH ¼ �238:85 Kcal=mol
The high exothermicity of the combustion reaction as in the
present case, sometimes decomposes the formed desired products
and hence it is not only the choice of fuel but also the fuel to
ð0:5� xÞ CdðNO3Þ2 þ x NiðNO3Þ2 þ 0:5 CoðNO3Þ2 þ 2 FeðNO3Þ3 þ 0:66ðCH2Þ6N4
Y

Cd0:5�XNiXCo0:5Fe2O4 þ 3:96 CO2 þ 3:96 H2Oþ 5:32N2þ4:06O2
oxidizer ratio, which is important in combustion synthesis.
Therefore, the preliminary aim of our work was to fix the fuel to
oxidizer ratio so as to get the undecomposed single phase ferrite.

Besides this, it is further aimed to prepare Ni substituted Cd-Co
ferrite as very few reports are available in the literature, especially
on magnetic properties [43e45]. To the best of our knowledge
there are no reports on the temperature dependent magnetic
properties of this ferrite at different applied fields. With this broad
objective in mind, we report in this paper the synthesis of Ni
substituted Cd-Co ferrites by fuel deficient combustion synthesis
using hexamine as a fuel and its effect on the magnetic and
dielectric properties of the ferrites.
2. Experimental procedure

2.1. Synthesis

All chemicals used for synthesis were of analytical reagent
grade. Nanocrystalline Cd0.5-xNixCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4
and 0.5) were synthesized by combustion method using Hexa-
methylenetetramine (Hexamine) as fuel. Hexamine is a tetra-
dentate ligandwhich forms complexeswithmetal ionswhich act as
combustible precursors and forms nanosized metal oxides on
thermal decomposition [46]. In the present study, metal (Ni, Co, Fe
and Cd) nitrate salts were used as they can act as oxidant as well as
metal source. Usually redox reactions are exothermic in nature and
if not controlled properly can often lead to explosion. The com-
bustion of metal nitrate-hexamine mixture undergoes a self prop-
agating and non-explosive exothermic reaction. According to the
principles of propellant chemistry [47], for a redox reaction be-
tween a fuel and an oxidizer, the ratio of net oxidizing valency of
the metal nitrates to the net reducing valency of the fuel should be
one for a stoichiometric reaction, less than 1 for a fuel excess re-
action and greater than one for a fuel deficient reaction. In the
present study a fuel deficient ratio was chosen after optimization
studies as it gave a nanosize single phase ferrite. For every mole of
metal nitrate, 0.22 moles of hexamine was added, as fuel. The de-
tails about this is given as additional information at S1.

As regards to synthesis, first the appropriate amounts of metal
nitrates were taken and melted on a hot plate. Then finely
powdered hexamine was added to the melt and the slurry was
introduces into a muffle furnace preheated to 400 �C. After evap-
oration of the water content, the mixture frothed and ignited to
combust giving the desired ferrite in the form of a voluminous and
foamy powder. The combustion is accompanied by the evolution of
a large volume of gases. The reaction proceeds according to the
following equation after dehydration
The blackish-brown powder obtained was ground and then
calcined at 500 �C for 5 h to remove any unburnt carbon formed
during the combustion process. The powder was then ground in a
Fritsch ball mill at a speed of 150 rpm for 1 h to obtain the nano-
sized ‘as-prepared’ ferrite.
2.2. Characterization

The structural analysis of the samples was carried out by X-ray
diffraction technique using a Rigaku Diffractometer utilising
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monochromatic Cu Ka (l¼ 1.5406Å) radiation filtered through a Ni
absorber in the range of 2q from 20� to 80� and a step size of 0.02�.
The average crystallite size was calculated using Scherrer's formula.

D ¼ Kl

b cosðqÞ

Where K is a constant related to the crystallite shape (0.9), b is the
full width at half maximum, q is the Bragg's angle and l is the
wavelength of the X-ray radiation. The lattice parameter (a),
tetrahedral (LA) and octahedral (LB) hoping lengths, X-ray density
(dx), bulk density (dm) and Porosity (P) was calculated from X-ray
diffraction data using the following formulas,

1
d
¼ 1

a
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

q
LA ¼ a

ffiffiffi
3

p

4
LB ¼ a

ffiffiffi
2

p

4
P ¼ 1� dx

dm

dx ¼ ZM=Na3 dm ¼ m
v

Where h,k, l are the miller indices, z is the number of molecules per
unit cell, N is Avogadro's number, M is the molecular weight, m is
the weight of the pellets and v is the pellet volume. The charac-
teristic absorption bands were determined using Infrared spec-
troscopy in the range of 375 cm�1 to 4000 cm�1 using a FTIR
Shimadzu IR Prestige-21 series Spectrophotometer. Transmission
Electron Microscopy of the samples were obtained on a Philips CM
200 TEM operating in an accelerating voltage of 200 KV and
providing a resolution of 2.4Å to specify the particle shape, size and
crystallanity. Elemental analysis was done using an ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectrometer) us-
ing a SPECTRO analytical instrument GmbH, Germany, ARCOS
Simultaneous ICP Spectrometer Model equipped with a 27.12MHz
RF generator, operating over a wavelength range of 130e770 nm
and a charge coupled detector.

The morphology of the Cd0.3Ni0.2Co0.5Fe2O4 synthesized with
different fuel ratios was investigated by a scanning electron mi-
croscope of make Carl Zeiss Model No. VO18. The surface area of the
nanoparticles was estimated on Quantachrome Autosorb
(ASIQC0100-4) surface area analyser by nitrogen adsorption/
desorption measured as a function of relative pressure.

The frequency and temperature variation of dielectric constant
of all samples was carried out at room temperature from 20Hz to
Fig. 1. X-ray diffraction pattern of ‘as prepared’ Cd0.5-XNiXCo0.5Fe2O4 (X¼ 0.0, 0.1, 0.2,
0.3, 0.4 and 0.5).
10MHz with a Wayne Kerr LCRQ meter (Model No. 6500P). DC
magnetization measurements were performed with a Quantum
design make Vibrating sample magnetometer in an external field
up to 3 Tesla and from 400 K to 50 K. AC susceptibility measure-
ments were obtained on a DOSE AC susceptibility instrument
calibrated with Ni, operating at a frequency of 315 Hz and a field of
5000Oe, supplied by ADEC Pvt. Ltd, Corlim.

3. Results and discussion

3.1. Structural characterization

X-ray diffraction analysis (XRD) was performed to determine the
crystallanity, purity and average crystallite size of the ferrite
nanoparticles. The XRD pattern of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0 to
0.5) ferrites are shown in Fig. 1. The diffraction peaks corresponding
to (220), (311), (222), (400), (422), (511), (440) and (533) planes,
confirms the Spinel structure while the broadening of the diffrac-
tion peaks indicate that the ferrites are of nano size. The samples
with x¼ 0.0, 0.1 and 0.2 showed a small trace of a-Fe2O3 and CdO
phases as impurity. The values of lattice constant, average crystal-
lite size, unit cell volume, X-ray density, bulk density, porosity,
tetrahedral hopping length and octahedral hopping length are
given in Table 1. As can be seen from Table 1 as well as Fig. 2, the
lattice parameter decreased with increase in Ni concentration,
which is in accordance with Vegard's law [48]. The decrease is
because of replacement of larger Cd2þ cations (ionic radius 0.95Å)
with smaller Ni2þ cation (ionic radius 0.69Å) in the ferrite. A
similar observation is also reported by Sathishkumar et al. [45].
However in our series the presence of trace amounts of a-Fe2O3
impurity causes little deviation in the linear trend in the lattice
parameter of the samples with x¼ 0.0, 0.1 and 0.2. Decrease in
lattice parameter will lead to a decrease in the d-spacing between
the diffraction planes. The d values are inversely related to the
diffraction angle in accordance with Bragg's law. Hence there is a
shift in the position of the diffraction peaks to a higher 2q value
with increase in Ni content. The average crystallite size (D) of the
ferrites was found to be in the range of 6e13 nm (Table 1). The
lattice parameter obtained for Ni0.5Co0.5Fe2O4 matches with the
values reported in literature [49,50] while the value obtained for
Cd0.5Co0.5Fe2O4 [51,52] is higher than the reported values for sin-
tered ones. The lattice parameters of the other compositions are
closely comparable to reported values [45]. The unit cell volume
follows the same trend as that of lattice parameter.

The X-ray density decreases as nickel content increases from
x¼ 0.1 to 0.5 (Fig. 2) due to decrease in unit cell volume [Table 1].
The bulk density on the other hand increases with Cadmium con-
tent up to 0.3 and then decreases. Porosity however does not show
any trend. The tetrahedral and octahedral hoping lengths shows
decrease as lattice parameter decreases, as expected.

3.2. Infrared analysis

The Infrared absorption spectra of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0
to 0.5) ferrites are presented in Fig. 3. The Infrared spectrum is of
great importance as it is sensitive to the short range environment of
the oxygen co-ordination around the cations in both the tetrahedral
and octahedral clusters of the ferrite. The figure shows two major
absorption bands in the frequency range 375e800 cm�1. These
bands are common characteristics of Spinel ferrites [53,54]. The
higher frequency absorption band (g1) is caused by the stretching
vibrations of the tetrahedral metal-oxygen bond and the lower
frequency absorption band (g2) is caused by the metal-oxygen vi-
bration in octahedral sites. The g1 band shows a shift to higher
wavenumber with decrease in Cadmium concentration (Table 2).



Table 1
Lattice parameter (a), Average crystallite size (D), Unit Cell volume (V), X-ray density (dx), Bulk density (dm), Porosity (P), Tetrahedral hopping length (LA), Octahedral hopping
length (LB) and Surface area (S.A) of ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0 to 0.5).

Composition a (Å) D (nm) V (Å3) dx (g cm�3) dm (g cm�3) P (%) LA(Å) LB(Å) S. A (m2g�1)

Cd0.5Ni0.0Co0.5Fe2O4 8.5615 7.2 627 5.5322 2.8544 48.40 3.7073 3.0969 26.29
Cd0.4Ni0.1Co0.5Fe2O4 8.4841 7.6 610 5.5681 3.1322 43.74 3.6737 2.9996 25.57
Cd0.3Ni0.2Co0.5Fe2O4 8.4244 6.0 597 5.5680 3.3255 40.27 3.6478 2.9785 34.44
Cd0.2Ni0.3Co0.5Fe2O4 8.3964 11.7 591 5.5033 3.0373 44.81 3.6357 2.9685 28.68
Cd0.1Ni0.4Co0.5Fe2O4 8.3731 12.9 587 5.4277 3.0037 44.66 3.6256 2.9603 38.48
Cd0.0Ni0.5Co0.5Fe2O4 8.3425 12.3 580 5.3648 2.9431 54.86 3.6124 2.9495 34.16

Fig. 2. Variation of Lattice parameter and X-ray density with Ni concentration in ‘as
prepared’ Cd0.5-XNiXCo0.5Fe2O4 (X¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5).

Fig. 3. Infra-red spectrum of ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3,
0.4 and 0.5).

Table 2
Infra-red absorption bands for different Ni concentrations in ‘as-prepared’ Cd0.5-

xNixCo0.5Fe2O4 (x¼ 0.0e0.5).

X 0.0 0.1 0.2 0.3 0.4 0.5

g1 (cm�1) 575 581 584 591 593 602
g2 (cm�1) 412 411 408 406 410 408
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Similar trend is also observed by M. A. Gobal et al. [51] in cadmium
doped cobalt ferrite series. The cadmium ions prefer to occupy the
tetrahedral (A) sites because of its ability to form covalent bonds
involving sp3 hybrid orbital [10,55]. The decrease in cadmium
content on the A-sites results in decrease in the site radius and
hence an increase in the fundamental frequency. The g2 band
however does not change significantly with increase in Ni con-
centration as Ni2þ ions preferably enter octahedral sites. The
presence of Fe2þ ions causes local deformation in the Spinel lattice,
which has been attributed to Jahn-Teller effect, which results in a
shoulder or splitting in the absorption bands [53,56e58]. The g2
band shows splitting for Cd0.1Ni0.4Co0.5Fe2O4 and Ni0.5Co0.5Fe2O4
compositions, indicating an excess of Fe2þ ions in the B-sites in
these samples.

3.3. Chemical analysis and microstructure

The stoichiometry of the all the compositions was confirmed by
ICP-AES analysis (Table S2, additional information S3). The obtained
experimental percentages match closely with the calculated ones
for each of the metals confirming the formation of stoichiometric
Cd0.-xNixCo0.5Fe2O4 (x¼ 0.0e0.5).

The TEM images of the ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4
(x¼ 0.0 to 0.5) ferrites are shown in Fig. 4. From the images it can be
seen that the samples with higher cadmium content have larger
size particles which shows decrease with increase in Ni concen-
tration, this could be due to the melting of Cadmium causing the
particles to fuse together to give larger agglomerates while the
sample with higher Ni concentration result in more discrete par-
ticles. The average particle size was found to be in the range of
20e30 nm however the highest grain size value of around 80 nm
found in Cd0.5Co0.5Fe2O4 decreased to around 20 nm in Ni0.5C-
o0.5Fe2O4. Also the uniformity in grain size increased as nickel
content in the ferrite increased. The diffraction ring pattern is also
shown in Fig. 4 confirms the crystallite nature of all the ‘as-pre-
pared’ ferrite and can be indexed to the cubic Spinel peaks.

The representative SEM images of the ferrite samples before ball
milling are shown in Fig. S3 (Additional Information S2). It can be
seen that the particles have a nearly spherical morphology and are
agglomerated together forming clusters. The surface area of the ‘as-
prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) are
given in Table 1. The surface area was found to be in the range of
26.3e38.5m2/g.

3.4. Dielectric properties

The variation of dielectric constant (ε0) as a function of frequency
at room temperature for ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0
to 0.5) ferrites in the frequency range 20 Hz-10MHz is shown in
Fig. 5a. It can be seen from the figure that at low frequencies the
values of dielectric constant are high and decrease rapidly with
increase in frequency and attains a constant value which is the
general trend for all ferrite samples. This is due to the fact that the



Fig. 4. TEM micrographs of ‘as-prepared’ a) Cd0.5Co0.5Fe2O4, b) Cd0.4Ni0.1Co0.5Fe2O4 c) Cd0.3Ni0.2Co0.5Fe2O4 d) Cd0.2Ni0.3Co0.5Fe2O4 e) Cd0.1Ni0.4Co0.5Fe2O4 f) Ni0.5Co0.5Fe2O4 Electron
diffraction pattern of ‘as-prepared’ a1) Cd0.5Co0.5Fe2O4, b1) Cd0.4Ni0.1Co0.5Fe2O4 c1) Cd0.3Ni0.2Co0.5Fe2O4 d1) Cd0.2Ni0.3Co0.5Fe2O4 e1) Cd0.1Ni0.4Co0.5Fe2O4 f1) Ni0.5Co0.5Fe2O4.

Fig. 5. Frequency variation of a) Dielectric constant (ε0) and b) Loss tangent (tan d) of ‘as prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) at room temperature.
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dielectric material exhibits induced electric moment under the
influence of external electric field. At higher frequency, the polar-
ization of the induced moments cannot synchronize with fre-
quency of applied electric field, as a result, the dielectric constant
attains a constant value above certain high frequencies. As
explained by Koops [59], the ferrite samples have heterogeneous
structure containing well conducting grains separated by highly
resistive thin grain boundaries, which causes localized accumula-
tion of charge under the applied electric field building up space
charge polarization. When the frequency of the applied AC electric
field is much smaller than the jumping frequency of electrons be-
tween adjacent Fe2þ and Fe3þ ions at the octahedral sites, the
electrons follow the field. This is attributed to high dielectric con-
stant at low frequency. The decrease in dielectric constant with
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frequency is due to the inability of the electronic charge carriers to
follow the applied field beyond a certain frequency [60], this re-
duces the accumulation at the grain boundaries and hence polari-
zation decreases. The ferrite samples Co0.5Ni0.5Fe2O4 and
Cd0.1Ni0.4Co0.5Fe2O4 showed higher value of dielectric constant,
which can be explained on the basis of available ferrous ions on the
B sites as confirmed by Infrared spectroscopy. The increase in Fe2þ

ions on the B-site increases the hopping rate between Fe3þ and
Fe2þ. The ferrite sample Cd0.3Ni0.2Co0.5Fe2O4 showed the lowest
value of dielectric constant. This trend can also be explained based
on grain size, smaller the grain size greater will be the presence of
grain boundaries. The grain boundaries cause scattering of the
hopping electron which reduces the conductivity thereby reducing
the dielectric constant [61].

The variation of dielectric loss tangent (tan d) as a function of
frequency for all the samples in the present system is shown in
Fig. 5b. It can be observed from the figure that tan d decreases
continuously with increasing frequency and attains constant value
at higher frequencies with the samples X¼ 0.4 and 0.5 exhibiting
relaxation peaks. The variation of dielectric constant and loss
tangent with frequency reveals the dispersion due to Maxwell-
Wagner [62] type interfacial polarization in agreement with
Koop's phenomenological theory [63] or the inhomogeneous
double layer dielectric structure. Rezlescu [64] and Iwauchi [65]
having established a strong correlation between conduction
mechanism and the dielectric behaviour of ferrites and have
Fig. 6. Temperature variation of dielectr
concluded that the electronic exchange between Fe3þ4 Fe2þ re-
sults in the local charge displacement, which is responsible for
polarization in ferrites. The magnitude of exchange depends upon
the concentration of Fe2þ and Fe3þ ions on octahedral sites [66].
When the hopping frequency is nearly equal to that of external
applied electric field a maximum of loss tangent may be observed.
As such it is possible that in the case of Cd0.1Ni0.4Co0.5Fe2O4 and
Ni0.5Co0.5Fe2O4, the hoping frequencies are of the approximate
magnitude to observe a loss maximum at 70 and 50Hz,
respectively.

The variation of Dielectric constant as a function of temperature
at different frequencies is shown in Fig. 6. The curves show two
major regions, a low temperature region where the dielectric
constant is independent of temperature and a higher temperature
region where the dielectric constant increases remarkably with
temperature. At higher temperatures, the charge carriers will have
excess thermal energy which increases their mobility which in turn
will cause them to orient in the easy direction of the applied AC
field more easily thereby increasing their contribution to space
charge polarization and thus increasing the dielectric constant. This
increase is much more rapid at low frequencies as compared to
higher frequencies. Dielectric constant in ferrites is due to four
types of polarization: interfacial, dipolar, ionic and electronic po-
larization [67]. At lower frequencies the greater increase in
dielectric constant is due to contribution from interfacial and
dipolar polarizations, which are highly temperature dependent
ic constant at different frequencies.



Fig. 7. Temperature variation of loss tangent at different frequencies.
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[68]. This causes the rapid increase in dielectric constant at lower
frequencies. Ionic and electronic polarizations are more at higher
frequencies and do not change much with temperature [66] as a
result the dielectric constant does not increase much at higher
frequencies.

Fig. 7 shows the temperature variation of dielectric loss tangent
at different frequencies. Like dielectric constant, the temperature
variation of loss tangent also shows higher values at lower fre-
quencies due to poorly conducting grain boundaries. The higher
resistivity of the grain boundaries means that the electrons require
higher energy to move and hence the loss is higher [69]. But at
higher frequencies, due to the conducting nature of the grains, the
dielectric loss is minimum. The increase in tan d beyond 500 K is
due to increase in thermally activated charge carriermobility which
increases the conductivity by hopping conduction mechanism
which in turn increases dielectric polarization causing a marked
increase in tan d, as temperature increases.
3.5. Magnetic properties

The plots of magnetization (M) as a function of applied field (H)
at room temperature (Fig. 8) and at 50 K (Fig. 9) over the field
range �3 Tesla to 3 Tesla were obtained for ‘as-prepared’ Cd0.5-
XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5). The saturation
magnetization (Ms), Coercivity (Hc) and remnant magnetization
(Mr) values at room temperature and at 50 K are given in Table 3.
Low temperature hysteresis loops were measured after zero field
cooling, wherein samples showed ferromagnetic behaviour with an
open hysteresis loop at 50 K. The Coercivity (Hc) increases [Table 3]
substantially at lower temperatures which show the increase of the
effective anisotropy with decreasing temperature because the
content of Co2þ ions on the octahedral sites increases with
decreasing temperature [70]. The saturation magnetization values
(Ms) at 50 K are higher than the room temperature values [Table 3]
due to decrease in the thermal fluctuation effects on the magnetic



Fig. 8. The magnetic hysteresis loops of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4
and 0.5) at room temperature.

Fig. 9. The magnetic hysteresis loops of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4
and 0.5) at 50 K.
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ions at low temperature. The high field irreversibility and non-
saturation behaviour of magnetization observed in the hysteresis
loops at lower temperature indicate the existence of ordered core
spins and canted or disordered surface spins due to broken sym-
metry for antiferromagnetic interactions. These surface spins are
not aligned even by high applied fields due to strong coupling or
pining between the disordered surface spins and ordered core
spins. Similar behaviour in ferrites is reported in literature [71e73].

The reduced remanent magnetization (Mr/Ms) values at room
temperature are lower than 0.5 and are more in agreement with
Uniaxial anisotropy rather than Cubic anisotropy according to the
Stoner-Wohlfarth model [70]. As per this model, the anisotropy
constant for uniaxial anisotropy for a system of non-interacting
particles is given by the relation Hc¼ 0.64 K/Ms, where Hc, K and
Ms are the coercivity, anisotropic constant and saturation magne-
tization, respectively. The reduced remanent magnetization values
were found to increase with Ni concentration due to increase in the
magnetic anisotropy which increases with Ni concentration
(Fig. 10).

The Hc is found to decrease overall with increase in Cd content
while the Ms values increase with Cd content up to Cd0.2Ni0.3-
Co0.5Fe2O4 and then decrease with further increase in Cd concen-
tration with the exception of Cd0.4Ni0.1Co0.5Fe2O4. It is a known fact
that Cd2þ ions prefer to occupy the A-sites and introduction of Cd2þ

ions in the system pushes Fe3þ ions from the A-site to the B-site.
This causes an increase in magnetization in accordance with Neel's
two lattice model [7,9]. According to Neel's two lattice model, the
magnetic ions on the A and B sites are aligned antiparallel to each
other and their spins have a collinear structure.While the magnetic
moment on the A site decreases due to increase in non magnetic
Cd2þ ions in the A-sites, the magnetic moment of the B site in-
creases due to increase in Fe3þ ions in the B sites. Therefore the net
magnetization (MB-MA) increases. But for the samples with Cd
content greater than 0.3, the magnetization of the A-sublattice is so
dilute that the A-B interactions are too weak and the B-B sublattice
interactions dominate. This disturbs the parallel arrangement of
spins on the B-sites and hence canting of the spins takes place. The
B sublattice splits into B1 and B2 sublattices giving rise to Yafet-
Kittel (Y-K) angles due to which saturation magnetization de-
creases [70,71]. The Neel's two sublatticemodel is unable to explain
the decrease of magnetization however, as proposed by Yafet and
Kittel [3], the decrease in magnetization can be treated theoreti-
cally by triangular arrangement of spins. The YeK angles in the
present study are found to increase with the increase of Cd content
[Table 3]. This explains the decrease in saturationmagnetization for
the samples having Cd concentration greater than x¼ 0.2 (Fig. 10)
with the exception of Cd0.4Ni0.1Co0.5Fe2O4. Similar observations are
reported in Cd and Zn doped ferrites [6,7,70,71,74]. The saturation
magnetization (44.394 emu/g) and coercivity (1315) values ob-
tained for Ni0.5Co0.5Fe2O4 in the present study are found to be
higher than those reported in the literature [75e77] while those
obtained for Cd0.5Co0.5Fe2O4 are lower than those reported [7].

Fig. 11 shows the zero field cooled (ZFC) and field cooled (FC)
curves of ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3,
0.4 and 0.5) nanoparticles measured in the temperature range of
50 Ke400 K under an applied field of 250 Oe, 500 Oe and 1000 Oe.
For ZFC measurement, the ferrite nanoparticles were cooled to 50 K
without any external magnetic field and then the magnetization
(MZFC) was recorded during warming up to 400 K under an applied
field. For the FC measurement the ferrite nanoparticles were cooled
down again in an applied field and then the magnetization (MFC)
was recorded during warming up to 400 K under the same applied
field.



Table 3
Saturation magnetization (Ms), Coercivity (Hc), remanent magnetization (Mr), Y-K angles and Curie temperature of ‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0 to 0.5) at room
temperature and 50 K.

Temperature 310 K 50 K Tc (K)

Composition Ms (emu g�1) Hc (Oe) Mr (emu g�1) Mr/Ms Y-K angle (�) Ms (emu g�1) Hc (Oe) Mr (emu g�1) Mr/Ms

Cd0.5Ni0.0Co0.5Fe2O4 33.785 440 6.656 0.1946 57.04 55.938 1725 21.976 0.3929 581
Cd0.4Ni0.1Co0.5Fe2O4 47.221 300 8.237 0.1744 42.45 70.236 2015 32.475 0.4623 620
Cd0.3Ni0.2Co0.5Fe2O4 46.076 327 8.976 0.2034 31.08 56.598 2153 29.793 0.5260 657
Cd0.2Ni0.3Co0.5Fe2O4 51.311 366 11.675 0.2275 e 63.044 3377 37.351 0.5956 683
Cd0.1Ni0.4Co0.5Fe2O4 44.671 408 9.923 0.2221 e 50.370 5399 31.857 0.6287 829
Cd0.0Ni0.5Co0.5Fe2O4 44.394 657 13.298 0.2995 e 47.382 6765 31.469 0.6642 839

Fig. 10. Composition dependence of Saturation magnetization (Ms) and magnetic
anisotropy constant (K) of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) at
room temperature.
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As can be seen from the plots (Fig. 11), as the temperature in-
creases in the ZFC measurement, initially the MZFC increases with
increase in temperature, then exhibits a broad maximum at specific
critical temperature called the blocking temperature (TB) and
finally decreases with further increase in temperature. The broad
peaks observed in samples indicate a wide distribution of particle
sizes and dipole-dipole interactions at the nano domain state
[72,78e80]. It has been known that such maxima in ZFC studies is
the product of two effects, the first causing an increase in MZFC by
individual magnetic domains having enough thermal energy to go
for the new alignment at lower energy with the applied field and
the second effect due to the thermal energy overcoming of mag-
netic domains with the field, thus randomizing the magnetic
anisotropy and hence lowering the MZFC value [79]. Below TB, in
absence of magnetic field, when the ferrite nanoparticles were
cooled, all net magnetic moments within each particle domain
aligns along the magnetic easy axis, however the magnetic aniso-
tropic energy restricts the orientation along the easy axis of
magnetization. Thus, a wide particle size distribution results in
random orientation of nanoparticles along the easy axis thereby
exhibiting low value of MZFC at 50 K [78]. But, as the temperature
increases, the thermal energy overcomes the magnetic anisotropy
within the smaller particle thereby aligning the magnetic direction
of these thermally activated nanoparticles, with the field direction,
resulting in increasing inMZFC till temperature reaches TB. At TB, the
magnetic anisotropy in all the different sized particles is overcome
by the thermal energy resulting in alignment of nanoparticles in
the direction of field thereby giving high MZFC values. Above TB, in
the unblocked region, however magnetization decreases
monotonically (except in few high nickel samples) with increase in
temperature. The magnetization in the FC measurement decreases
with increasing temperature, as expected for an assembly of mag-
netic mono-domain particles [78,79]. The FC curves goes to satu-
ration at low temperatures, indicating the presence of long range
magnetic interparticle interactions that leads to amagnetic ordered
state with high anisotropy [72,73]. The FC magnetization curves
increases more quickly for the samples with higher Cd concentra-
tion as the temperature decreases. This results show that there are
weak interparticle interactions in the nanoparticles due to disor-
dered surface layer [71].

The ZFC and the FC measurements of all the nanoparticles show
an irreversible magnetic behaviour below the temperature called
the irreversibility (Tirr) temperature. Tirr is defined as the temper-
ature at which the ZFC and the FC curves split [71,81] and is related
to the blocking temperature of the largest particles. Since the
curves do not meet even at 400 K, it indicates a non-negligible
fraction of the nanoparticles that are still in magnetic blocked
state at this temperature. The most likely explanation for such
behaviour is connected with the large mean size of the nano-
particles and the presence of interparticle interactions.

The blocking temperature TB, decreases with increase in the
applied external field and increases with increase in Ni concen-
tration. For the samples with X¼ 0.3, 0.4 and 0.5 the blocking
temperature lies above 400 K. The separation between the MFC and
the MZFC curves increases with Ni concentration. This is due to
increase in anisotropy, as a result of which a higher energy is
required to flip the spins to align with the external field. This can
also be seen in the temperature independent behaviour of the MFC
curves over the entire temperature range for the samples with
x¼ 0.3, 0.4 and 0.5. Due to high anisotropy, the magnetic spins
cannot flip so easily and align with the applied field [73].

The temperature dependence of normalized susceptibility of the
‘as-prepared’ Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0 to 0.5) ferrites is shown
in Fig. 12. The ferrite with x¼ 0.3 to 0.5 show typical single domain
ferromagnetic type of domain structure which changes to super-
paramagnetic at x� 0.2 before undergoing paramagnetic transition
at Curie temperature in all samples. A small hump in Cd0.1Ni0.4-
Co0.5Fe2O4 just before Tc may be due to some transition which
relatively increases the Tc value of that sample. The peaking
behaviour followed by display of broad transitionwith tailing effect
near the Curie temperature can be attributed to the inhomogeneity
in the particle size [79]. It has been observed that the peak in the
curves shifts to higher temperature with increase in the Ni con-
centration. The maximum value of susceptibility matches with the
saturation magnetization data for the Cd0.2Ni0.3Co0.5Fe2O4 ferrite.
The Tc value increases with increase in the Ni concentration in the
ferrite series. It has been observed from the XRD data (Table 1) that
the average crystallite size increases with increase in the Ni con-
centration along with TC. It has been reported [82] that Curie
temperature also depends on the interaction between themagnetic
ions in the different lattice sites in the crystal structure i:e the



Fig. 11. Zero field cooled and field cooled curves of Cd0.5-XNiXCo0.5Fe2O4 (x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5).
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distribution of cations in the tetrahedral and octahedral sites. Since
Ni is introduced in the system for non-magnetic Cd, the magnetic
interactions are bound to increase which explains the increase in Tc
(Table 3).
4. Conclusion

The Ni doped Cd-Co ferrite were successfully synthesized by
combustion synthesis using hexamine as fuel. Powder X-ray



Fig. 12. Plot of normalized susceptibility v/s temperature of Cd0.5-XNiXCo0.5Fe2O4

(x¼ 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5).
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diffraction showed the characteristic peaks of Spinel phasewith the
lattice parameter decreasing with increase in Ni concentration. The
Infrared analysis showed two bands in the region 375-800 cm�1

assigned to metal oxygen tetrahedral and octahedral vibrations in
Spinel ferrites. The variation of saturation magnetization was
explained on the bases of YafeteKittel three lattice model. The
magnetic anisotropy increased with increase in Ni concentration
and with decrease in temperature. The non-saturated behaviour of
the hysteresis loops at 50 K indicates the presence of ordered core
spins with random shell spin structure. The reduced remnant
magnetization values are less than 0.5 indicating that the samples
have uniaxial anisotropy rather than cubic anisotropy at room
temperature. TheMZFC and theMFC curves showed a changewith Ni
substitution, with the maxima of the MZFC shifting to higher tem-
perature and the MFC showing a larger temperature independent
region with increase in Ni concentration. Blocking temperature
decreased with increase in the applied external field while
increased with increase in Ni concentration. The dielectric constant
and loss tangent decreased as the frequency of the applied electric
field increased. The Curie temperature shifts to higher temperature
with increase in Ni concentration.
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